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CHAPTER 1. GENERAL INTRODUCTION 
Introduction 
Neuronal loss within the central nervous system (CNS) has been considered an 
irreversible process, as cells within the mammalian CNS fail to regenerate after degeneration 
and trauma. Many of the most debilitating, and least understood of human diseases result 
from the devastating loss of neurons within the CNS. Diseases and conditions of the eye 
resulting in retinal degeneration prove extremely difficult to treat and are accompanied by a 
poor prognosis of recovery. Two problems arise in treating retinal pathologies: how to 
prevent further loss of neurons, and how to promote recovery or replace already damaged 
neurons. Neural stem cells have been proposed as a source of neural tissue including the 
neural retina. Neural stem and neural progenitor cells have been shown to adopt neuronal and 
glial properties in vitro and after transplantation to various regions of the CNS. Although 
great excitement surrounds neural progenitor cells little was known about the basic biology 
of these cells at the onset of this investigation. 
The following chapters discuss the potential of brain-derived progenitor cells both in 
vitro-their intrinsic potential to differentiate and after induction, and their fate in vivo-an 
analysis into the survival differentiation and integration of progenitors after grafting into the 
neural retina. We have shown brain-derived progenitor cells can be maintained in defined 
conditions for a number of years; are capable of neurogenesis, gliogenesis (Chapters 2 and 
4), and can be induced to adopt retinal phenotypes after transplantation (in vivo, Chapter 2) 
and after coculture in vitro (chapter 3). The ability to be able to produce 'neurons' from 




The following dissertation represents an assembly of three manuscripts published or 
submitted to peer reviewed international journals. 
The dissertation begins with a literature review (Chapter 1) on stem and progenitor 
cells, stem cell applications, retinal development and neuronal differentiation. 
Chapter 2: Incorporation of Murine Brain Progenitor Cells into the Developing 
Mammalian Retina, AzawmfAa / Vo/z Mic/wzef 7 Ybwng, Afone A S/wzfos DonaW 
S &z&ogwc/zi, was published in Investigative Ophthalmology and Visual Science (IOVS) 
January 2003, Vol. 44 No. 1. Van Hoffelen was the major contributor of the investigation 
and author of the manuscript under the guidance and supervision of Sakaguchi. Young and 
Shatos (Schepens Eye Institute, Harvard Medical School) isolated and supplied cells for the 
investigation and were minimally involved in the preparation of the manuscript. 
Chapter 3: The Retinalization of Murine Brain Progenitor Cells in vitro, 7 
Van 7 Ybimg a/wf DowzW S AzAzzgwc/», has been submitted to Nature 
Neuroscience. The authors' roles are as described for chapter 2. 
Chapter 4: Morphological Differentiation and Expression of Synaptic Proteins in 
Neural Progenitor Cells Induced by Cholesterol, 7 Van Mic/wzg/ J 
wwf DorwzW ^ Has been submitted to The Journal of Neuroscience. The authors' 
roles are as described for chapter 2. 
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Literature review 
Overview of stem cells 
The concept of a stem cell is far from new. Virtually all tissues of multicellular 
organisms are maintained and replaced by local and speciGc stem cell pools (Gardner and 
Beddington, 1988). The epithelium of the small intestine and epidermis of the integument are 
textbook examples of stem cell location and function in non-neuronal tissue. Little thought 
was given to the potential fates of such stem cells, as they were known to generate and 
replace local surrounding cells. 
It was shown some time ago that cells isolated from the inner cell mass of a mouse 
blastocyst could be maintained in vitro and could produce cultures of differentiated cells 
(Martin, 1981; Wobus et al., 1984). However, these findings and the capability of such cells 
remained relatively unexplored for many years. Today, such cells, termed embryonic stem 
cells have been the subject of tremendous excitement, controversy and ethical discussion 
(Bradley, 1990; Keller, 1995; Wobus and Boheler, 1999; Robertson, 2001). Stem cells are 
characterized by their ability to proliferate, self renew and produce progeny capable of 
adopting many different phenotypes. The term "neural stem cell" is used to describe a cell 
capable of self-renewal while generating cells with the potential to differentiate into neurons, 
astrocytes and oligodendrocytes. The term "progenitor" is commonly used to describe cells 
with a more restricted potential than stem cells. Furthermore, "precursor" merely defines any 
cell at an early stage of development within a tissue. Work both in vitro and in vivo has 
demonstrated that stem cells derived from embryonic origins appear to have more potential 
than cells isolated at later developmental times (Odorico et al., 2001; Bishop et al., 2002); 
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such cells are described as totipotent. A totipotent stem cell produces progeny with the ability 
to differentiate into a cell type of any germ layer. The number of locations where such cells 
are located is constantly growing and does not appear to be restricted to the inner cells mass 
as once thought. Neonatal and adult derived stem cells appear more restricted (pluipotent or 
multipotent) as populations give rise to cell types of the same germ layer and/or tissue type 
(For reviews see:(McKay, 1997; Temple, 2001; Okano, 2002). However, the potential and 
tissue specific restriction of stem cells was somewhat redefined after the demonstration that 
mesenchymal stem cells could produce cells of neuronal fate (Mezey and Chandross, 2000; 
Mezey et al., 2000), as well as cells positive for markers of muscle, bone and skin among 
those of normal mesenchymal fate. This promoted the hypothesis that perhaps the cells 
themselves were not restricted but that the local environment controlled differentiation and 
cell fate. Suggesting that given the right environment and factors, stem cells could adopt an 
array of phenotypes. Since the initial observations on the plasticity of mesenchymal stem 
cells, further reports have demonstrated the multipotency of skin-derived stem cells and 
dental pulp-derived stem cells. Both stem cell pools were shown to contain cells with the 
potential of neuronal differentiation. 
The mammalian nervous system was, until the early 1990's considered quite different 
from all other tissues of the body by its inability to replace or generate neurons. Mitotic cells 
within the central nervous system were considered to represent neuroglia or cells of the 
vascular system. The identification and isolation of multipotent neural stem and progenitor 
cells within the mature mammalian brain opened up a whole new field of study (Gage et al., 
1995a; Watt and Hogan, 2000). Like stem cells within other regions of the body, neural stem 
cells were identified by their mitotic activity and ability to self renew. However unlike other 
5 
stem cell pools the function of neural stem cells is still unknown. Their locations within the 
CNS, their potential to differentiate an their ability to generate neurons both in situ and in 
vitro is under intense investigation and is reviewed in the subsequent sections. 
Sources of neural stem cells 
Stem cells have been isolated, expanded and maintained in vitro from many regions 
of the nervous system as well as from many different species (Gage et al., 1995a; Svendsen 
et al., 1999). Neural stem cells have been isolated from embryonic, fetal and neonatal 
nervous systems; times during development when neurons are known to be bom. However, 
after the identification that proliferating cells were located within the CNS a number of 
groups began to isolate adult derived cells. The excitement surrounding adult CNS stem cells 
comes from the desire to be able to repair the adult brain. By determining their location and 
identifying the factors that control their proliferation and maturation researchers hope to be 
able to trigger and control neurogenesis within the mature brain. However, many questions 
accompany their interest and use. Do the mitotically active cells of the CNS have the ability 
to generate neurons? Do they replace neurons or are they involved in plasticity and 
remodeling of brain circuitry? Such questions have fueled the characterization and study of 
adult CNS stem cells. To date neural stem cells have been isolated from the spinal cord 
(Wood and Bunge, 1991; Shihabuddin et al., 1997) hippocampus (Palmer et al., 1997; Gage 
et al., 1998) striatum (Reid and Walsh, 2002) cortex (Marmur et al., 1998) cerebellum 
(Milosevic and Goldman, 2002; Ohkawara et al., 2003) olfactory bulb (Huard et al., 1998; 
Pagano et al., 2000) retina (Wetts and Fraser, 1988; Tropepe et al., 2000; Yang et al., 2002b), 
skin (Toma et al., 2001), as well as the ventricular and ependymal zones (Rietze et al., 2001) 
6 
of postnatal animals. Initial studies with cells isolated from the adult subependymal (also 
referred to as the subventricular) zone showed the cells possessed the ability to generate 
neurons and glia in vitro (Lois and Alvarez-Buylla, 1993). It was shown quite elegantly that 
these proliferating cells could migrate long distances in the intact adult brain, settling and 
maturing in the olfactory cortex (Lois and Alvarez-Buylla, 1994). These studies illustrated 
that mitotically active cells within the adult CNS, have the potential to generate cells of 
neuronal lineage and to integrate within mature circuitry some distance away from their birth. 
Birthdating studies have provided a wealth of information on the location and amount of cell 
proliferation within the mature CNS. Using incorporation of the traceable nucleotide 
bromodeoxyuridine- Brdu as an indicator of mitosis accompanied with 
immunohistochemistry with anti-neuronal markers it has been possible to identify and locate 
neural progenitor cells in vivo. The subependymal zone and hippocampus have been shown 
in all mammalian species (studied to date) to contain the largest number of diving cells. 
Furthermore, in the hippocampus specifically the dentate gyrus progenitor cells have been 
shown to differentiate into functional neurons (van Praag et al., 2002). The finding that stem 
cells reside in the adult ventricular zone is attractive from a developmental perspective, as 
this region is the source of most neurons during neurogenesis. Suggesting that cues for 
proliferation and differentiation persist in this region after formation of the brain. 
Although proliferating cells are located in the mature brain, and some have been 
shown to differentiate into neural cells in situ little is still known about the function of such 
cells. By isolating, and investigating cells in vitro it is possible to gain an understanding into 
their plasticity and potential for neurogenesis. 
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Potential of neural stem cells m v&ro: Proliferation, Induction and Differentiation 
The complex events that direct and specify neural stem cells during development of 
the nervous system is far from understood. A biochemical and genetic insight into such 
developmental events is required to fully understand the potential and or limitations of neural 
stem cells. In addition, identifying the external signals involved in stem cell differentiation 
and maintenance will provided valuable information into the development of the CNS. 
Neural stem cells proliferate in vitro and form neurospheres in response to epidermal 
growth factor (EGF) (Tropepe et al., 1999; Komblum et al., 2000). In addition, basic 
fibroblast growth factor-bFGF was identified as a powerful mitogen, and is the most 
commonly used growth factor for maintaining proliferation among both embryonic and adult 
derived neural stem cells. Neural stem cells are maintained as neurospheres in defined 
culture media or as monolayer cultures as in the case of some adult derived progenitor cells 
(Ray et al., 1995). Neural stem and progenitor cells are isolated and identified by their ability 
to self-renew and undergo continued division for numerous passages in the response to EGF 
and or bFGF. Neural stem cell cultures differ from neuronal and glial cultures by either their 
ability to divide, be maintained for prolonged periods of time, and their independence of 
serum. Such differences are utilized in generating a pure stem cell culture. 
Since the isolation and maintenance of neural stem cells most interest surrounds the 
generation of neurons; promoting neurogenesis among undifferentiated stem cell lines. Many 
studies using neural stem cells in vitro have reported the effects of endogenously applied 
factors in modulating or manipulating cell fate. Such factors include fetal bovine serum 
(FBS) an uncharacterized supplement used in mnay culture studies, all trans retinoic acid 
(tRA, (Takahashi et al., 1999), and neurotrophic factors. The effect of such 
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treatment/induction regimes appears to depend on the cell line being used and the 
concentration of factor being applied. The 'refrigerator approach' of applying commercially 
available growth factors and proteins has yielded some landmark discoveries, yet 
considerable time and fortuity is often required to obtain the desired outcome. 
One method of identifying potential neuropoetic signals is to apply information 
gained from studies of neuronal induction and patterning of the neural tube. Indeed, 
morphometric signals such as the BMP-antagonists, noggin and chordin induced neuronal 
differentiation after expression in mouse ES cells, whereas BMP-4 inhibited neuronal 
differentiation (Gratsch and O'Shea, 2002); complementing the known action of these factors 
in vivo (Sanes et al., 2000). Other factors integral to the development of the CNS such as-
retinoic acid, NGF and BDNF have been shown to direct neural stem cell fate in vitro 
(Ahmed et al., 1995; Vicario-Abejon et al., 1995; Takahashi et al., 1999; Guan et al., 2001). 
Although many neural progenitor cells have been shown to differentiate in vitro without 
external manipulation (by default) including the brain derived progenitor cells (BPCs) used 
in this study, there are many advantages to controlling and determining cell fate in vitro. In 
chapters 2-4 we describe the fate of progenitor cells in vitro using a number of different 
approaches. 
Transplant studies; neural progenitor fate wi vivo. 
Most cells within the central nervous system are terminally differentiated and neither 
divide or can be replaced. However, some regions including the subventricular zone, 
hippocampus and olfactory bulb experience neurogenesis into adulthood. The finding that the 
brain is able to incorporate and generate new neurons within specific regions prompted 
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studies to investigate whether regions of the brain would be receptive to exogenously 
expanded stem/progenitor populations. Using cells isolated from embryonic, neonatal and 
adult sources it has been clearly demonstrated that stem/progenitor cells posses the ability to 
generate neurons in vivo. It is important to note that studies examining the transplantation of 
"neural stem cells", are in fact grafting mixed populations of cells, some of which may be 
"true" neural stem cells, but that also contain cells that are more differentiated. These cells 
are best-termed neural progenitor cells or precursor cells. This is true for both single 
adherent cells, and neurosphere cultures. 
Transplantation studies are a way of determining the plasticity of cells. By grafting 
into different CNS environments the potential of cells can be determined. Indeed, CNS-stem 
cells from non-neurogenic regions such as the spinal cord, which m aifw generate astrocytes 
and oligodendrocytes have been shown to differentiate into neurons when transplanted into 
the dentate gyrus (Shihabuddin et al., 2000). Furthermore, cells isolated from one region of 
the CNS have been shown to generate neurons characteristic of the host surroundings after 
transplantation, showing neural stem cells do posses a degree of plasticity. Such studies have 
helped confirm the hypothesis that developmental fate is influenced by environmental factors 
and does not reflect an intrinsic restriction among stem cells. However, in contrast 
embryonic stem cells have been shown to exhibit neuronal differentiation along what is 
described as a default pathway. Embryonic stem cells transplanted into the striatum 
differentiated into tyrosine hydroxylase immunoreactive cells, but similar differentiation 
occurred when these cells were grafted into the kidney capsule, a location clearly containing 
different environmental cues. It is important to note that although stem and progenitor cells 
have been shown to adopt neuronal identities after transplantation into various regions of the 
10 
CNS, the phenotypic outcome can rarely be guaranteed or predicted. For this reason the 
initial excitement surrounding stem cell transplants as a method of neuronal replacement 
quenched after many studies failed to demonstrate cells differentiating into specific neuronal 
classes. Cholinergic, dopaminergic and or glutamatergic neurons are densely distributed 
within different and specific brain regions. In order to have clinical and or therapeutic benefit 
after stem cell transplantation it is essential that appropriate neurons are generated. 
Transplant studies within the CNS have demonstrated certain neuronal classes appear 'easier' 
to produce than others. Photoreceptors within the mammalian eye have been extremely 
difficult to generate from undifferentiated stem and progenitor cells. However, the eye and 
retina are receptive environments for stem cell differentiation, the details of such studies will 
be discussed in the following section. 
rronsp&M&zdon info f&e AeoAAj; 6row%. Gage and colleagues (Gage et al., 1995b) 
performed one of the first studies analyzing the fate of transplanted-adult derived cells. 
Following from the observations that hippocampal progenitors cells produce neurons in vivo 
and that stem cells isolated from the ventricular zone can undergo in vitro neurogenesis 
(Reynolds and Weiss, 1992) they investigated the fate of expanded adult derived 
hippocampal progenitor cells (AHPCs) after transplantation into the adult brain 
(hippocampus). Progenitor cells were found to survive and differentiate after transplantation 
and were shown to adopt morphologies and phenotypes of mature neurons. The major 
significance of this landmark study was not to show that hippocampal progenitors could 
generate hippocampal neurons-a quite expectant result. But, that adult derived progenitor 
cells can be maintained and expanded in vitro under define conditions for prolonged periods 
(over a year) and retain the capacity to generate mature neurons when grafted into the central 
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nervous system. Further confirmation of the plasticity and durability of neural stem and 
progenitor cells has come from studies using cells isolated from numerous regions of the 
CNS and of different aged hosts. The previous study monopolized on the fact that the 
hippocampus is a neurogenic region and illustrated that neural progenitor cells can undergo 
neuronal differentiation when transplanted into such an environment. Can stem cells adopt 
neuronal fates when transplanted into non-neurogenic regions or areas undergoing 
degeneration, and hence devoid of such developmental signals? Grafting of pluripotent stem 
cells into non-neurogenic regions has been shown to promote glial differentiation (Fricker et 
al., 1999; Shihabuddin et al., 2000) or maintain the cells in an undifferentiated state. Much of 
the clinical excitement surrounding stem cell transplantation stems from the fact these cells 
may be used to provide a limitless supply of neurons for many of the currently untreatable 
degenerative diseases. Alzheimer's, Parkinson's, amyotrophic lateral sclerosis, spinal cord 
injury and retinal degeneration for example all involve regions of the central nervous system 
not known (to date) to be neurogenic. One method employed to promote neuronal 
differentiation after grafting into such regions is pretreatment or 'induction' in vitro. 
Human derived neural stem cells were shown to produce high percentages of 
cholinergic neurons after transplantation into both neurogenic and non-neurogenic regions of 
the CNS (Wu et al., 2002). Using a cocktail of cholinergic trophic and inducing factors Wu et 
al found basic fibroblast growth factor (bFGF), heparin, laminin and sonic hedgehog amino-
terminal peptide (shh-N) induced expression of Islet-1 and choline acetyltransferase (ChAT) 
in vitro. Furthermore, transplantation of the 'induced' cells produced neuronal phenotypes 
when transplanted into the hippocampus (neurogenic), and the septum, spinal cord and 
frontal cortex (non-neurogenic). Only the cells transplanted into the septum and spinal cord 
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(the two regions with circuitry containing cholinergic neurons) adopted cholinergic 
phenotypes. This study demonstrated the region-specific generation of neurons, and showed 
neural stem cells can generate neurons in typically non-neurogenic regions. 
Much interest surrounds possible treatments for Parkinson's disease. A degenerative 
disorder characterized by progressive and specific loss of dopaminergic neurons within the 
substantia nigra. One significant problem with treatments for Parkinsons disease surrounds 
the fact that clinical symptoms become apparent after 50-70% neuronal loss has already 
occurred. For this reason therapies focus more on neuronal replacement than cell rescue 
and/or maintenance. Fetal tissue grafts initially showed great promise in ameliorating 
symptoms of the disease (Olanow et al., 1996). However, inherent problems and ethical 
issues surround the use of fetal tissue and such work has in most cases been replaced by the 
promise of using stem cells. The potential of neural stem cells to differentiate into 
dopaminergic neurons is central to their role in treating Parkinson's disease. Tyrosine 
hydroxylase immunoreactive cells (TH-IR) have been produced in vitro from mesencephalic 
precursors (Studer et al., 1998; Sanchez-Pemaute et al., 2001) from embryonic stem cells (ES 
cells) (Kawasaki et al., 2000; Lee et al., 2000; Sasai, 2002) embryonic and adult derived 
precursors (Daadi and Weiss, 1999) as well as from non-neural tissue (Mitchell et al., 2003). 
There is mixed opinion on the success and benefit of transplanting either undifferentiated or 
in vitro differentiated cells. McKays group characterized the proliferation and differentiation 
of E12 mesencephalic progenitor cells (Studer et al., 1998), and found cells expressed 
tyrosine hydroxylase (TH), dopamine, dopamine transporter and ^-tubulin type III after 
bFGF induced expansion and subsequent withdrawal. Isolated cells were shown to yield 
180,000-220,000 nigral-like cells after expansion and differentiation. This one population 
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representing considerably more TH-IR cells than present in the mature rat mesencephalon 
(26,000-30,000). Furthermore, such in vitro generated neurons survived transplantation and 
integrated into the host (rat) striatum. Similar results have been described for mouse derived 
ES cells (Lee et al., 2000) and human neural precursors (Sanchez-Pemaute et al., 2001) by 
the same group. Although TH positive cells have been shown to differentiate without the 
addition of exogenous cues, serum was shown to increase the percentage of such cells 
(Studer et al., 1998), in addition a stromal derived factor was shown to induce dopamine 
producing TH positive cells (Kawasaki et al., 2000; Sasai, 2002). Finding the cues 
responsible for dopaminergic differentiation will ultimately lead to more efficient and 
reliable therapies. Despite the remarkable findings reported in the previous studies it has been 
suggested the benefits of generating limitless numbers of dopaminergic neurons in vitro are 
out weighed by the low survival rate of transplanting differentiated cells (Bjorklund et al., 
2002). By transplanting ES cells (Bjorklund et al., 2002) or neural stem cells (Yang et al., 
2002a) into both the healthy and dopamine lesioned brains, large numbers of functional 
dopaminergic neurons were generated. Illustrating the host environment is sufficient to 
promote a dopaminergic fate without considerable cells loss. Such studies can be 
extrapolated to other brain regions, where it is important to determine the success of either 
pre-inducing cells or transplanting undifferentiated cells and hoping for appropriate 
differentiation. 
Due to the potential clinical impact, many stem cell transplant studies have focused 
on the striatum and ameliorating Parkinson's like symptoms. This is not to suggest the 
midbrain is the only receptive environment for stem cell differentiation and integration. 
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The aforementioned studies provide a great wealth of information that can be utilized 
in the potential treatment of other neurodegenerative disorders including retinal degeneration. 
The retina as a CNS structure and site for transplants 
The neural tissue that makes up the central nervous system shares many anatomical 
and morphological similarities regardless of region. Different subclasses of neurons 
communicate by extensive, and often-elaborate circuits giving rise to such behaviors as 
sensation, motor control, language, memory and perception. Studying brain development, 
architecture and connectivity is extremely difficult due to the inherent complexity of the 
CNS. However, one region of the CNS- the neural retina has provided a wealth of 
information for all aspects of neurobiology. The retina is an excellent system to study the 
CNS due to its accessibility, highly organized structure and well characterized architecture. 
The retina lines the posterior chamber of the eye and is therefore easily accessible to 
manipulation without complicated stereotaxic equipment. The retina and visual system have 
been used as a model to understand the CNS for many studies including fate mapping, 
synaptic outgrowth, axon guidance, pattern formation and neuronal communication and more 
recently stem cell fate. The development and composition of the retina are discussed in detail 
later. 
Transplantation into the eye 
Conditions involving retinal degeneration are extremely difficult to treat as unlike 
other tissues of the body retinal neurons fail to regenerate or repair after insult. 
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Photoreceptors are the main cells lost in conditions such as retinitis pigmentosa and 
macula degeneration whereas ganglion cells are the primary cell class targeted in glaucoma. 
There are few successful treatments for any of the degenerating retinal conditions. Like with 
other CNS disorders a number of potential methods have been employed in an attempt to 
save or replace retinal cells (Litchfield et al., 1997; Sharma et al., 2000) including retinal 
neuron transplantation (Silverman and Hughes, 1989a, b; Schuschereba and Silverman, 1992; 
Silverman et al., 1992; Kaplan et al., 1997) retinal transplantation-either whole sheets or 
pieces (Bergstrom et al., 1992; Ghosh et al., 1998; Ghosh et al., 1999b; Ghosh et al., 1999a; 
Aramant and Seiler, 2002) retinal pigment epithelium transplantation (Li and Turner, 1988; 
Litchfield et al., 1997; Aramant and Seiler, 2002), growth factor and neurotrophin based 
therapies, gene therapy (Bennett et al., 1996) and more recently stem cell transplantation (see 
later section). 
The aforementioned treatments are associated with many problems. Gene therapy for 
example although linked with some success (Bennett et al., 1996; Acland et al., 2001) relies 
on the selective correction of one mutated gene. As most retinal degeneration is of unknown 
origin and molecular basis many proteins and genes are likely to be involved. The 
transplantation of RPE and photoreceptors aids in preventing photoreceptor cell death 
thereby having a rescue effect. As most conditions and diseases go unnoticed until substantial 
photoreceptors have undergone cell death such treatments have technical restraints. The 
transplantation of retinal tissue has encountered many problems. Grafting neural retina has 
had limited success as transplanted tissue has been shown in some cases to neither promote 
the survival of host retinal cells nor incorporate with host tissue (Litchfield et al., 1997; 
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Zhang et al., 2003). Furthermore, subretinally transplanting retinal tissue is an extremely 
difficult surgical procedure. 
The ability of neural progenitor cells to differentiate after transplantation into the 
brain prompted studies utilizing such cells in retinal transplantation. As with other regions of 
the CNS neural progenitor cells have been shown to survive and differentiate after 
transplantation within the eye/retina. 
Intravitreal injection of cells provides very little damage or distress to the retinal 
tissue, and has been the method of grafting cells in most investigations. An alternative has 
been to perform subretinal transplants (Warfvinge et al., 2001) which provides a more 
challenging grafting procedure yet places cells closer to photoreceptors and circumvents 
migration through the retinal layers. 
Adult hippocampal progenitor cells, which can integrate into the brain and produce 
appropriate neurons (Gage et al., 1995b; Suhonen et al., 1996) survive and differentiate when 
transplanted into the eye (Takahashi et al., 1998; Nishida et al., 2000; Young et al., 2000; 
Kurimoto et al., 2001; Akita et al., 2002). Although AHPCs survive intravitreal 
transplantation the maturity of the eye was shown to affect the fate of grafted cells. When 
transplanted into neonatal rat eyes, AHPCs incorporated into the inner retina and expressed 
neuronal (although not retinal) proteins. In contrast when transplanted into the adult eye, 
cells formed a continuous layer along the vitreal surface of the retina (Takahashi et al., 1998). 
Studies investigating the fate of AHPCs in the damaged retina have further confirmed the 
inability of brain-derived progenitor cells to integrate into the adult 'normal' retina. The 
plasticity and potential of AHPCs (Nishida et al., 2000; Young et al., 2000; Kurimoto et al., 
2001) brain derived progenitor cells (Pressmar et al., 2001 ; Lu et al., 2002) and non neural 
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cells (Tomita et al., 2002) has been tested by their transplantation into the diseased or 
damaged eye. AHPCs survived and incorporated into the adult retina injured either 
mechanically (Nishida et al., 2000) or by transient ischemia (Kurimoto et al., 2001). Both 
studies demonstrated even in the adult eye progenitor cells could integrate and 
morphologically differentiate if the environment was manipulated by the presence of 
damage. However, in the study by Nishida et. al transplanted progenitor cells integrated into 
only 50% of the injured retinas and then remained close to or within the site of injury. 
Although one of the first investigations to show the incorporation of grafted progenitor cells 
into the adult retina; the lack of integration and specific differentiation observed suggests 
either a limitation in the model or the age of retina. The high reproducibility of transient 
ischemia as a model of retinal damage (Kurimoto et al., 2001) promotes it's use over the 
mechanical damage used in the previous study. In contrast to control AHPC transplants 
where cells lined in the inner retinal surface, cells transplanted into the ischemic eye 
migrated into the retina. However, the number of cells that integrated was insignificant and 
no grafted cells adopted morphologies or phenotypes of characteristic retinal neurons. Young 
et. al. performed the first study characterizing the fate of progenitor cells in the diseased adult 
retina. When transplanted into the mature dystrophic retina (Royal College of Surgeons rat) 
AHPCs integrated and differentiated showing the diseased environment promotes the 
incorporation of progenitor cells (Young et al., 2000). Brain derived cells displayed similar 
fates when transplanted into the eyes of rd mice- a model of retinitis pigmentosa (Lu et al., 
2002). Taken together, the findings in these studies suggests that incorporation of 
transplanted neural stem/progenitor cells into the mature host retina can not occur unless the 
tissue is damaged. In addition, the age of the recipient appears to affect the degree of 
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incorporation (Takahashi et al., 1998; Young et al., 2000) however this has remained 
relatively untested and involved one study using hippocampal-derived cells. The literature to 
date on progenitor cell fate after retinal transplantation remains minimal and represents a 
number if different approaches and types of cells, therefore, care needs to be taken when 
interpretating the results. The source of progenitor cells, the site of transplantation and the 
age of the recipient are all likely to affect the fate of grafted cells. Indeed Pressmar et. al. 
suggest the source of the progenitor cells and not the site of transplantation controls the fate 
after grafting (Pressmar et al., 2001). 
We have investigated the fate of brain-derived progenitor cells when transplanted into 
the developing eye (See chapter 2). Although progenitor cells survived in all ages of 
recipient, the age of the host environment affected both the degree of integration and the fate 
of grafted cells. Furthermore, we present the first results showing that brain-derived 
progenitor cells can adopt retinal fates after incorporation into the developing retina. 
Model for studying development of the nervous system: MomxWp&w domesdco 
Many mammalian developmental questions remain untested due to the limitations and 
difficulties of performing manipulations during embryogenesis. For this reason, studies using 
invertebrates C-elegans, drosophila, leech, (Blackshaw and Nicholls, 1995; Sahley, 1995; 
Chalfie and Jorgensen, 1998) and lower vertebrates Xenopus, Zebra Ash (Harris et al., 1985; 
Jacobson and Huang, 1985; Chitnis, 1999; Hutson and Chien, 2002) have provided a great 
deal of our understanding into the cellular and molecular basis of neural development, 
including the visual system. 
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Although the power of transgenics makes using mice invaluable for all aspects of 
neurobiology, rodents give birth to pups with relatively mature nervous systems and so most 
neural patterning and differentiation occurs in utero. Cats and ferrets have been used in many 
studies of visual development as they share a close similarity to human visual systems. For 
similar reasons primates are often used in transplantation studies to gain insight into human 
conditions. 
The Brazilian gray short tailed opossum, Mowkfp/iû domesfzca, is a small pouchless 
marsupial from South America. Brazilian opossum pups are bom in an extremely immature 
state after a gestational period of 13 days. As a pouchless marsupial, pups are exposed on the 
mother's ventrum, allowing easy access for transplantation. Newborn pups are approximately 
1 cm in length and morphologically resemble small 'tube.' Retinal neurogenesis has been 
determined to occur until 2 weeks postnatal (Stone et al., 1994, Finley et al., 1996). The 
opossum CNS and retina undergoes a dynamic developmental period after birth; the majority 
of retinal histogenesis occurs postnatally (Greenlee et al., 1996) in contrast to placental lab 
animals, which produce the majority of retinal neurons embryologically. 
Female opossums go into estrus 4 to 9 days after being paired with a male, after a 2-
week pairing period, females are housed separately (Kuehl-Kovarik et al., 1995). A 
successful mating can yield a litter of between 2 and 13 pups. After birth pups are securely 
attached to the mother ventrum and manipulation has been successful at 1 day postnatal (1 
PN, the day of birth). Anesthetizing the mother with a mixture of halothane and oxygen 
immobilizes the pups and provides an excellent preparation on which to perform 
manipulations or transplants. Classical (mammalian) models used for studying the visual 
system include the rat, mouse (Young, 1985), ferret (Chalupa and Snider, 1998; Penn et al., 
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1998; Wang et al., 1998), cat (Hubel, 1978; Shatz and Stryker, 1978; Shatz, 1983) and 
monkey (Hubel and Wiesel, 1966; LeVay et al., 1980). With exception of the ferret, these 
species are bom with a complement of ganglion cells and initial photoreceptors; retinal 
patterning is therefore underway. The higher cost of maintaining a colony of cats and ferrets 
also hinders their use in many studies. Weighing 100 to 200 g, and resembling a hamster in 
size Monodelphis is an easy animal to maintain as a colony (Kraus and Fadem, 1987). 
Monodelphis is a unique model for studying neural development due to the protracted period 
of postnatal neurogenesis. The opossum has been demonstrated as an excellent host in which 
to study neural stem cell fate m vivo (Van Hoffelen et al., 2003). Using the developing 
environment of the opossum eye it has been demonstrated that cues exist during retinal 
development that promote the incorporation and differentiation of brain-derived progenitor 
cells (Van Hoffelen et al., 2003) such studies would have been extremely challenging to 
perform using traditional rodent models. 
Development of the retina: birth and differentiation 
The vertebrate nervous system develops from the ectodermal tissue within the neural 
plate. The neural plate grows laterally, folding and fusing to form the neural tube; the walls 
of which develop into the cerebral hemispheres, diencephalon, cerebellum and spinal cord. 
The eye forms from a bulge or evagination of the neural tube within the region specified to 
become the thalamus, displacing it outside the 'brain'. Like other regions of the CNS the 
neuroepithelium of the developing retina divides continuously from the ventricular surface, 
giving rise to retinal precursors. 
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More is known about the anatomy, physiology and development of the retina than any 
other region of the CNS (Dowling JE 1987, 77# rgfzrwz). The retina develops in a 
characteristic order, which is conserved across almost all vertebrate species (Sidmen, 1961; 
Morest, 1970; Young, 1985; Zimmerman et al., 1988; Spence and Robson, 1989; Robinson, 
1991). Newly postmitotic cells leave the retinal ventricular zone and migrate to one of three 
cellular layers in the forming retina (outer nuclear layer-ONL, inner nuclear layer-INL and 
ganglion cell layer-GCL). Neurons differentiate following a central to peripheral pattern, 
whereby retinal regions closest to the fovea differentiate before those at cilliary regions. 
Furthermore, the subclasses of retinal neurons differentiate or are bom in a characteristic 
sequence. Using mitotic markers including tritiated thymidine, and Brdu coupled with 
antibodies against specific retinal proteins it has been possible to determine the timing of 
retinal differentiation. One striking finding was that the order of birth within the retina 
remained the same across species. Although there is much overlap in the genesis of retinal 
neurons, ganglion cells are the first cells to migrate and differentiate shortly followed by 
cones and amacrine cells. Horizontal cells and rod photoreceptors appear in the next wave of 
differentiation, with most bipolar cells and Millier glia differentiating the first week 
postnatally in most rodent species (Young, 1985). Much interest surrounds how the 
subclasses of retinal neurons are specified during development. Rather than the cells having 
intrinsic control over their fate, it has been shown retinal progenitor cells are pluiripotent and 
can give rise to all retinal cells (except astrocytes which migrate to the retina) or continue to 
divide producing more retinal progenitors (Wetts and Fraser, 1988; Adler and Hatlee, 1989; 
Cepko et al., 1996). In order to determine the (natural) fate of retinal progenitor cells Cepko 
et al stably infected developing retinas with a BAG retroviral vector (Turner and Cepko, 
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1987; Turner et al., 1990). Clones of cells were subsequently identified all stemming from an 
original infected progenitor. As labeled clones of cells contained all combinations of retinal 
neurons (and MuUer glia), these studies demonstrated that the retinal environment and not the 
intrinsic program of the progenitor, determined cell fate. The finding that retinal progenitors 
are not preprogrammed to adopted specific phenotypes and that the developing environment 
instructs cell fate has been used as the foundation for chapter 3 and helps explain how 
transplanted BPCs differentiated when transplanted into a developing retinal environment as 
described in chapter 2. 
Retinal culture experiments: differentiation in vitro; cell-cell contact, diffusible factors 
After demonstrating the developing retinal environment was instructing and 
determining the fate of retinal progenitors studies began investigating whether the 
competence of the progenitors changed or the environmental signals altered with time. A 
lineage study performed on embryonic mouse retina (Turner et al., 1990) showed almost all 
progenitor cells that continued dividing were multipotential and that a given progenitor could 
generate any retinal cell type. Based on such information Watanabe et. al. studied the 
development of rod photoreceptors, based on the observations that within the early retina 
(E15) no rods are generated while at postnatal day 1 (PI) most progenitor cells develop into 
rods (Watanabe and Raff, 1990). A coculture of El5 (labeled) and PI retinal cells promoted 
55-fold more El 5 cells to express rhodopsin-a rod specific protein. However, more 
PI —derived retinal cells expressed rhodopsin than E15 cells in this study and when cultured 
with an excess of E15 cells PI retinal progenitors became limited in their ability to express 
rhodopsin. These studies together suggest progenitor cells isolated from different 
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developmental times maybe be 'limited' in their developmental capacity (see also (Belliveau 
et al., 2000) and that signals arising from late retinal progenitors probably stimulates rod 
development (Watanabe and Raff, 1990; Altshuler and Cepko, 1992; Watanabe and Raff, 
1992). 
Much interest has gone into elucidating the genes and or factors responsible for 
retinal development. Although progress has been made in understanding drosophila eye 
development, little is known about the factors involved in patterning the vertebrate retina. 
The hedgehog gene family encodes proteins important in all aspects of neural development 
(Ekker et al., 1995), and such genes have been identified as key players in retinal 
differentiation (Levine et al., 1997). The role of hedgehog proteins correlates with the finding 
that retinoic acid can act as a rod inducer in retinal cell culture (Kelley et al., 1994,1995), 
and retinoic acid it's self induces sonic hedgehog expression. Neurogenin2 (ngn2) is a 
member of the neurogenin subfamily of bHLH genes whose expression has been located to a 
subpopulation of proliferating retinal progenitor cells. Ectopic expression of ngn2 in retinal-
pigmented epithelial cells (RPE, among other nonneural cells) triggered neuronal 
differentiation and formation of photoreceptor and ganglion cell-like neurons (Yan et al., 
2001). Prox-1 a homeodomain protein has been shown to regulate the exit of retinal 
progenitors from the cell cycle (Dyer et al., 2003). Retinal cells that lack prox-1 are less 
likely to stop dividing; however, ectopic expression of prox-1 forces retinal progenitors to 
exit the cell cycle. By using in vitro culture systems many factors important in retinal 
differentiation have been elucidated. Stimulatory molecules such as acidic and basic FGF 
(Hicks and Courtois, 1988; Zhao and Barnstable, 1996), taurine (Altshuler et al., 1993) and 
retinoic acid (Kelley et al., 1994) have been identified by their ability to promote either 
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survival or differentiation of retinal neurons in culture; yet their in vivo concentrations and 
distributions have not been investigated thoroughly to date. In addition, factors shown to 
inhibit differentiation or effect proliferation have been identified including epidermal growth 
factor (EFG) which prevents opsin expression (Lillen 1995) and ciliary neurotrophic factor 
(CNTF) which blocks rod differentiation (Kirsch et al., 1998). One important finding that 
stands out from the CNTF study is the finding that CNTF promotes ganglion cell survival 
and amacrine cell differentiation yet prevents rod differentiation (Kirsch et al., 1998). 
Furthermore, the growth factors' concentration is developmentally regulated and CNTF 
receptors are spatially restricted. Such findings suggest this growth factor may help 
synchronize maturation and differentiation within the retina. Other key players in retinal and 
photoreceptor development are likely to have similar 'multiple' effects during development, 
perhaps explaining why they have gone unnoticed thus far. 
The literature shows that retinal progenitors can be instructed to adopt specific fates 
by their surrounding environment and that the factors involved (which are yet unidentified) 
are likely to be multifaceted. In order to promote retinal differentiation among brain-derived 
progenitor cells we have used the factors present within differentiating retina to induce 
differentiation among cocultured progenitor cells (Chapter 3). 
Neuronal differentiation 
The field of stem cell biology is not only surrounded by the great promise of neural 
replacement and potential therapies for neural degeneration as discussed in the previous 
sections, but on the ability to use such an accessible tool for understanding neuronal 
differentiation. 
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After gastrulation and the onset of neural induction, neuroepithelial cells make many 
fate decisions before ultimately becoming a mature neuron. Identifying a neuron is made 
easier by the fact that across evolution and among many diverse species neurons show the 
same common characteristics. Voltage gated ion channels generate action potentials and 
individual neurons communicate by synaptic transmission. Such is true of neurons within the 
nerve net of hydra or the hippocampus of the human brain. 
Understanding the key elements that transform a sheet of neuroepithelium into a 
complex nervous system still remains an active area of study. Great insight has come from 
elucidating the genetic mechanisms of axis specification and regional patterning. Both 
extrinsic soluble factors and intrinsic factors coordinate in neuronal differentiation. Gradients 
of the soluble factors sonic hedgehog and noggin and chordin create the dorsal/ventral axis 
early in development. While neuroblast determination among neighboring epithelial cells is 
regulated by notch-delta signaling. Notch-a transmembrane protein and it's ligand delta have 
concentrations and locations which ultimately determine the expression of proneural genes 
and hence the fate of the differentiating neuroepithelial. Higher vertebrate species have more 
complex signaling mechanisms and a greater number of notch receptor ligands. After dorsal-
ventral specification the anterior-posterior axis of the embryo is demarcated. The 
mechanisms that underly the formation of anterior-posterior also control the regional 
development of the nervous system. Axis specification in the fly has been attributed to a 
gradient of the transcription factor bicoid and an RNA binding protein nanos. Anterior-
posterior axis formation triggers the expression of hox genes, which further establishes and 
maintains regional identity among neural cells. Although hox genes have been identified in 
mammals and their functions are well understood in terms of segmentation and rhombomere 
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formation, little is known about the mechanisms of hox control and/or regulation. Retinoic 
acid (RA) is unevenly distributed throughout the developing embryo. Retinoic acid 
concentration is up to 10 times higher in the posterior embryo than anterior embryo 
suggesting RA might be a regulator factor in Hox gene expression in vertebrates. The 
mechanisms and factors that go into inducing epithelial cells to become neuroblasts, pattern 
the uniform neural tissue into axis and create regional neural identities within the embryo are 
far from fully understood. The complexity of the mammalian CNS and the realization that 
multiple interconnected pathways and signaling mechanisms underlie the formation of the 
nervous system makes simpler models such as drosophila or in vitro tools such as stem cells 
desirable candidates of study. 
Within the developing CNS, neural stem cells reside in the ventricular zones. The 
stem cell pools either divide symmetrically producing more stem cells, or asymmetrically 
resulting in neuronal and glia precursors. Understanding the environmental signals that effect 
the fate of stem cells in situ and elucidating their role in the mafwrg brain will have 
significant impact on treating neural degeneration. 
Neural stem cells are identified by either their incorporation of a mitogenic label 
(Brdu, Tritiated thymidine) or their responsiveness after isolation to growth factors and their 
propensity to form neurospheres. Few reliable stem cell markers have been described that can 
identify stem or progenitor cells from different regions or species. Nestin is an intermediate 
filament protein whose expression within the CNS correlates with pools of neural progenitor 
cells (Dahlstrand et al., 1995), and has been used as an assay to detect neural progenitor cells 
in many in vitro studies. Polysialylated neural cell adhesion molecule (PSA-NCAM) is 
expressed by all immature neurons and has therefore been used as a method of detecting 
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neural progenitors in the offwff CNS (Seki and Arai, 1993a, b; Bonfanti and Theodosis, 1994; 
Alonso, 1999) but provides a very general marker and does not detect early stem cell pools. 
Other markers that have been reported such as the mAb 2F7 epitope (SchubertW 2000) a 
presumptive membrane bound carbohydrate, Glypican-4 a FGF2 binding heparan sulfate 
proteoglycan (Hagihara K 2000) and Musashil a RNA-binding protein (Kaneko Y 2000) 
have been shown to be expressed in neural progenitor cells yet have not been adopted as 
markers of stem/progenitor cells within the field. In general the capacity to proliferate, form 
neurospheres in response to EGF and/or bFGF and express nestin are used to identify neural 
stem cells. 
The ability to adopt neuronal fates appears an intrinsic behavior of neural stem cells. 
Neuronal differentiation has been described as the default fate of many CNS derived cells. 
The expression of neuronal specific proteins such as MAP2 a microtubule associate protein 
located within somata and dendrites of neurons (Caceres et al., 1984), beta tubulin (TUJl) a 
cytoskeletal protein located throughout the neuron or neurofilament and tau proteins 
associated with the filament of axons are commonly used as a method of identifying a 
(presumptive) neuron within stem cell cultures. The widespread use of immunocytochemistry 
and the ease with which neural stem cells have been shown to express some neuron-
associated proteins (beta tubulin/TUJl) raises a concern with the use of the word neuron 
instead of neuron-like. Both morphology and appropriately localized protein expression need 
to be used in an assay when determining cellular identity. 
The functional abilities of neural progenitor cells after in vitro differentiation are still 
to date quite theoretical. An early report from the University of Florida reported the 
differentiation of CNS progenitor cells into neurons with functional electrophysiological 
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properties (Feldman et al., 1996). This has followed with a sparse number of reports 
demonstrating voltage-gated ion channels (Cho et al., 2002) acetylcholine receptors (Li et al., 
2001), and glycine receptors (Nguyen et al., 2002). However, it is known that immortalized 
cells from the nervous system express few channels and/or receptors when maintained in 
vitro suggesting the proliferating conditions in vitro are underestimating the potential of 
neural progenitor cells. The most compelling functional demonstration of neuronal 
differentiation has come from studies utilizing adult hippocampal progenitor cells (AHPCs). 
AHPCs originally described and maintained by the Gage group are a multipotent cell line; 
therefore, more restricted than other stem cell lines. AHPCs display voltage and ligand gated 
currents when seeded onto appropriate substrates (Sah et al., 1997), and have been shown to 
develop spontaneously active neural networks (Mistry et al., 2002). The later study showed 
the neural cell adhesion molecule-NCAM was required for the development of function 
properties and supports the hypothesis that environmental influences regulate development. 
Moreover, physiologically relevant environmental cues from astrocytes and neurons were 
shown to be key elements in controlling neuronal differentiation from hippocampal 
progenitor cells (Song et al., 2002) the subject of which will be discussed in the following 
section. 
Astrocytes, neurons and cholesterol 
Primary neuron culture became a powerful experimental tool for a broad range of 
neurosciences. The ability to manipulate, regulate and understand neuronal function at the 
cellular level has provided most of our understanding into the nervous system. Pure neuronal 
cultures experience cell death after 4-5 days if not supplemented with a rigorous regiment of 
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nutritive factors or cultured with astrocytes. Astrocytes have many roles within the CNS. 
Originally thought of as supporting elements astroglia have been demonstrated to play 
integral roles in: the migration of neuronal progenitor cells within the developing CNS, the 
regulation of potassium, the production of neurotrophic and metabolic factors and more 
recently the regulation of synaptic transmission. Astrocytes have a close geographical 
proximity to the synapse and have been shown to express neurotransmitter receptors and 
respond to external glutamate and calcium levels. As the Geld of astrocyte biology develops 
even further we are likely to find astrocytes are involved in all aspects of neural function (for 
discussion see Greg Lemke 2001). 
The finding that neurons in culture require astrocytes for survival and for the 
development of functional properties, namely synapse formation came as a surprise as 
astrocytes differentiate later than neurons during CNS development. Pure neuronal cultures 
form few functional contacts, and in many cases fail to form characteristic synaptic 
ultrastructures. Investigating the role of glia at CNS synapses was difficult to study as 
cultures of neurons often contain astrocytes. Pfrieger eL al. developed a method of purifying 
retinal ganglion cells and found the neurons displayed little synaptic activity and had high 
failure rates in evoked synaptic transmission. However when cocultured with astrocytes 
(GFAP-IR cells) activity was increased 70 times (Pfrieger and Barres, 1997). Furthermore, 
astrocytes increased the number of synapses formed on CNS neurons (Ullian et al., 2001). 
Glia-conditioned media (GCM) was found to increase the number of synaptic structures and 
the frequency of firing in pure neuronal cultures suggesting that a soluble glial-derived factor 
induces synapse formation (Nagler et al., 2001). Taken together these studies show a key role 
for astrocytes in synaptic development. 
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In a further study to elucidate the basis of synapse formation Mauch et. al showed the 
glial derived factor to be cholesterol and that exogenously applied cholesterol was sufficient 
to form efficient synapses (Mauch et al., 2001). Astrocytes were found to secrete cholesterol 
in apolipoprotein E (ApoE) containing lipoproteins and suggests neurons depend on external 
sources of cholesterol during development. The finding that glial-derived cholesterol was 
required for the formation of functional synaptogenesis presents a number of questions 
currently being studied within the field (Pfrieger, 2003). It has been shown that astrocytes 
secrete two to three times the amount of cholesterol as neurons, and secrete lipoproteins 
which can act as carriers for the steroid. Why astrocytes secrete surplus cholesterol and why 
they release different classes of lipoproteins comes with no explanation. That neurons may 
require cholesterol for synaptogenesis may provide an answer. 
Neuronal differentiation precedes synaptogenesis and no study to date has shown 
whether cholesterol may also have an effect at this stage. Neural progenitor cells provide an 
accessible tool to study such developmental questions, which is the focus of chapter 4. 
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Abstract 
Purpose. To investigate the influence of a developing host environment on the survival, 
differentiation and morphological integration of murine brain progenitor cells (mBPCs) 
transplanted into the mammalian retina. 
Methods. Enhanced green fluorescent protein (GFP) expressing murine brain progenitor 
cells were transplanted into developing and mature Brazilian opossums, MonodeZphw 
domeafKxz. Animals were allowed to survive for up to 4 weeks post-transplant at which time 
the eyes were prepared for immunohistochemical analysis. 
Results. Transplanted mBPCs survived and differentiated in vivo and extensive 
morphological integration was observed within the host retinas. GFP expressing cells often 
displayed morphologies characteristic of retinal neurons. GFP somata were located in nuclear 
layers, and their processes ramified throughout the inner (IPL) and outer (OPL) plexiform 
layers. Furthermore, in some cases, GFP expressing neurites were confined to specific 
sublamina within the IPL. The greatest morphological integration and differentiation was 
observed following transplantation into the youngest aged host eyes. Some transplanted 
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mBPCs incorporated within the inner retina expressed the neuronal markers MAP2 or 
calretinin. Transplanted cells co-expressed GFP and recoverin only in the ONL. 
Conclusions. mBPCs survived and morphologically integrated after xenotransplantation 
without immunosuppression. mBPCs were capable of incorporating into specific layers of the 
retina and expressing neuronal and retinal markers. The age of the host appears to play a key 
role in determining cell fate wz vivo. 
Introduction 
A greater understanding into the biology of neural stem cells will provide important 
information relevant to studies of CNS regeneration and repair. Neural stem cells have been 
isolated from adult, developing and embryonic* brain, /n vifro studies have revealed that 
neural stem cells possess the ability to adopt a variety of cellular fates. Furthermore, neural 
stem cell transplants have been proposed as a method of repairing the damaged and diseased 
nervous system, including the retina. It is important to note that studies examining the 
transplantation of "neural stem cells", are in fact grafting mixed populations of cells, some of 
which may be "true" neural stem cells, but that also contain cells that are more differentiated. 
These cells are best-termed neural progenitor cells or precursor cells. This is true for both 
single adherent cells, and neurosphere cultures. 
The work of Gage and colleagues^ revealed that isolated progenitor cells from the 
adult rat hippocampus retained the capacity to generate mature neurons when transplanted 
into the adult brain. Furthermore, these cells were capable of functionally integrating into the 
host hippocampal circuitry*. When transplanted into neonatal or adult eyes, adult rat 
hippocampal progenitor cells survived, migrated, integrated, and in some cases differentiated 
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into what appear to be mature neurons, but failed to differentiate into cells of retinal specific 
lineages^. While the normal immature retina was receptive to the integration of transplanted 
progenitor cells, the above cited studies show that a damaged retinal environment, induced 
mechanically*, or by transient ischemia'" is needed to induce incorporation and 
differentiation of transplanted progenitor cells in mature hosts. Similarly, differentiation and 
morphological integration of the adult rat hippocampal progenitor cells has been observed in 
mature dystrophic rat retinas*, but not in congenic controls. These results show that damaged 
or diseased environments are capable of supporting the differentiation of transplanted neural 
stem cells. Taken together, these studies suggest that incorporation of transplanted neural 
stem cells into the mature host neural retina will not occur unless the tissue is damaged. 
Furthermore, it appears that the age of the recipient may effect the degree of integration 
following transplant. This hypothesis however has remained relatively untested due to the 
limitations of performing transplants at embryonic or fetal stages. Here we present a novel 
system for addressing such developmental questions. The Brazilian opossum, MofwxfgZp&w 
donzgafica, is a pouchless marsupial bom in an extremely immature, fetal-like state. Brazilian 
opossum pups undergo an extensive period of postnatal development". Access to an 
embryonic-like environment provides an excellent model system with which to investigate 
the fate of progenitor cells in vivo. Using enhanced green fluorescent protein (GFP) 
expressing neural progenitor cells isolated from neonatal mice^ we have investigated their 
survival, integration and differentiation after transplantation into the developing and mature 
opossum eye. We present the first systematic study showing the fate of murine brain 
progenitor cells (mBPCs) following transplantation in the developing environment of the eye. 
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Materials and Methods 
Animals 
Brazilian gray short tailed opossums, domzeafzca, were obtained from a 
colony maintained at Iowa State University. The animals were maintained in a constant 
environment (temperature: 26°C; humidity ~80%) and kept on a 14:10 hour light:daik cycle. 
Animals were provided with food and water Zzbifwrn (Reproduction Fox Chow, Milk 
Specialties Products, Madison WI, and fresh fruit). Gestation is approximately 13.5 days and 
litters of 3-13 pups have been obtained. The day of birth was designated as postnatal day 1 (1 
PN). Eye opening occurs around 35 PN and pups were weaned from the mother at 60 PN. 
Pups of ages 5 PN-35 PN (n = 28) and mature animals of 79 PN and 2.5 years (n = 8) of age 
were used in this study. All animal procedures for this study were in adherence to the ARVO 
statement for the Use of Animals in Ophthalmic and Vision Research and were carried out in 
accordance with guidelines and had the approval of the Iowa State University Committee on 
Animal Care. 
Murine brain progenitor cell culture 
The murine brain progenitor cells (mBPCs) used in this study were isolated from 
newborn brains of enhanced green fluorescent protein (GFP) expressing transgenic mice 
(TgN(B-act-eGFP)040bs) " as reported by Shatos and colleagues^. Murine brain progenitor 
cells were maintained as neurospheres in plastic tissue culture flasks (T-25, Falcon; Fisher 
Scientific, Pittsburgh, PA) in complete culture media containing DMEM/Ham's F12 1:1 
(Omega Scientific, Tarzana, CA) supplemented with N2 (Life Technologies, Rockville, 
MD), Nystatin suspension (Life Technologies), penicillin/streptomyocin (Sigma, St. Louis, 
MO), epidermal growth factor 20 ng/ml (recombinant human EGF, Life Technologies), and 
basic fibroblast growth factor 20 ng/ml (human recombinant bFGF, Promega Corporation, 
Madison, WI). For in vzfro analysis, mBPCs were collected by centrifugation at 800 G for 3 
minutes and the pellets resuspended in conditioned culture media. The cells were then plated 
on 12 mm poly-L-omithine-laminin or poly L-lysine coated glass coverslips. To prepare the 
substrates, the coverglass was detergent washed, (2% RBS, Pierce Chemical Co, Rockford, 
IL) and subsequently coated with 50 /zl/ml poly-L-omithine (Sigma) in sterile water, 
incubated overnight, washed and coated with 5 /fg/ml laminin (Mouse, BD Biosciences, 
Bedford, MA) in phosphate buffered saline (PBS, 8 g NaCl, 0.2 g KC1,1.44 g Na^HPO^, 0.24 
g KH2PO4 per 1 L ddH%0 pH 7.4) for 6-8 hours. Laminin coated coverglass substrates were 
used immediately following preparation. Coverglass was also coated with 1 mg/ml poly L-
lysine (Sigma) prepared in borate buffer (310 mg H^BO,, 475 mg Na^B^O^.lO H%0 in 100 ml 
ddH^O, pH 8.4 ) and incubated for 3 hours. Coated coverslips were rinsed in culture water, 
air dried and used as needed. No clear difference in the number of attached cells was 
observed with either substrate. To begin the differentiation process the neurospheres were 
harvested, dissociated and plated onto substrate coated glass coverslips in media without 
bFGF and EGF (referred to as differentiation media). 
Transplantation of mBPCs into the developing eye 
Cultured mBPCs were collected as spheres within the culture media, spun at 800 G 
for 3 minutes and the pelleted mBPCs were re-suspended in Dulbeccos-PBS (Life 
Technologies). Adult animals were anesthetized using an induction chamber; anesthesia was 
induced with 3% halothane combined with 30% NO and 70% 0%. Anesthesia was maintained 
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with 1.5% halothane, in NO and 0% for the duration of the experimental procedure. Opossum 
pups remain attached securely to the mother's nipples until 20 PN. When performing 
transplants on 5, 8 and 10 PN pups, the mother was anesthetized in the halothane induction 
chamber (as described above) with the litter still attached. Older pups were anesthetized 
individually. 
The cell injection apparatus consisted of a 20 pi Hamilton syringe connected via a 
saline (0.9% NaCl) filled polyethylene tube to a beveled glass micropipette. Animals 
received intraocular injections of mBPCs through the dorso-lateral aspect of the eye. Two pi 
of cell suspension (~50,000 cells/pl) were slowly injected into the vitreal chamber of adult 
eyes and 1.0 -1.5 pi into the eyes of younger hosts. An aliquot of cells used for each 
transplant session was plated into a sterile culture dish and visualized using fluorescence 
microscopy to verify the viability and GFP expression of the transplanted cells. Animals 
were monitored daily and those receiving transplants were allowed to survive for 1,2 and 4 
weeks. After appropriate survival periods the opossum pups and adults were deeply 
anesthetized with halothane and perfused transcardially with 4% paraformaldehyde in 0.1 M 
PO, buffer. The heads were removed and post-fixed for 48 hours in 4% paraformaldehyde. 
Eyes were removed, immersion fixed for an additional 2-6 hours then cryoprotected in 30% 
sucrose in 0.1 M PO* buffer. Tissue was embedded, (Tissue-Tek OCT compound, VWR 
International, West Chester, PA) frozen and sectioned coronally at 20 pm using a cryostat 
(American Optical, Buffalo, NY). Sections were thaw mounted onto Superfrost microscope 
slides (Fisher Scientific) and stored at -20°C until processed. 
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Analysis of mBPCs m vitro: Immunocytochemistry 
Cells cultured on coverslips were processed for immunocytochemistry following 
standard protocols. Briefly, cells were first rinsed on 0.1 M PO, buffer, fixed in 4% 
paraformaldehyde in 0.1 M PO*, rinsed and processed as described for tissue sections (see 
below). Specific primary antibodies (see Antibodies) were used to identify differentiated 
neurons and glia. Cultured cells were incubated in primary antibodies for 18 hours, rinsed 
and subsequently incubated in fluorescent conjugated secondary antibody in the dark for 2 
hours. They were then rinsed and mounted on microscope slides with Vectashield 
Fluorescence mounting medium (Vector Laboratories, Burlingame, CA). Antibody 
experiments were repeated three times using cells plated from separate culturing sessions. 
Preparations were examined on a Microphot FXA photomicroscope (Nikon Corp., 
New York, NY). A 20x objective was used to examine 6 to 10 microscope Gelds; each field 
representing 0.1 mnf (360 pm by 280 pm). In each microscope field the following counts 
were made: total number of cells (using light microscopy), the number of cells expressing 
GFP (using an FITC filter cube) and the number of cells labeled with the primary antibody of 
interest (using an RTTC filter cube). This data was used to calculate the percentage of GFP 
expressing cells labeled with one of the antibody markers on each coverslip. The data 
collected after 1 and 3 days in culture, in both complete and differentiation media for each 
antibody was compared and analyzed using a 2-sample, student t test. All data analysis was 
carried out blind to eliminate experimental bias. 
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Analysis of tissue sections: Tmmunohistochemistry 
Sections were washed in potassium phosphate buffered saline (KPBS; 0.15 M NaCl, 
0.034 M K2HPO4,0.017 M KH2PO4, pH 7.4) and incubated in blocking solution (1.5% 
blocking serum, 1% bovine serum albumin, BSA; Sigma, and 0.4% Triton X-100, Fisher 
Scientific) for 2 hours. Sections were incubated in primary antibody overnight at room 
temperature in a humid chamber, washed in KPBS with Triton X-100, and incubated in 
appropriate biotinylated secondary antibodies for 2 hours, rinsed and incubated with Strept 
Avidin Cy3 (Jackson ImmunoResearch, West Grove, PA) in the dark for 30 minutes. Slides 
were then rinsed and coverslipped using Vectashield Fluorescence mounting medium. 
Bromodeoxyuridine (BrdU) injection and analysis 
Opossum pups were injected with BrdU at 5,10 and 20 PN. Individual pups were 
injected without separation from the mother. Each pup (5 PN, n=3; 10 PN, n=3; 20 PN, n=3) 
was given a subcutaneous injection of 1.5 pi of 20 mg/ml of BrdU solution (in sterile saline) 
along the dorsal midline. Pups were allowed to survive for 2 hours at which time the tissue 
was prepared for immunohistological analysis as previously described". Briefly, tissue 
sections were rinsed with KPBS, and pretreated with 0.06% trypsin (Bovine type EI; Sigma) 
and 5.4 X10^ M CaCl^ in KPBS for 30 minutes at 37°C. After washing for 10 minutes with 
KPBS, tissue was treated with 0.1 N HC1 for 10 minutes followed by incubation in 2N HC1 at 
37°C for 30 minutes. The tissue sections were neutralized in basic 0.5 M KPBS (pH 8.5) and 
subsequently processes for routine immunohistochemistry using an anti-BrdU antibody. 
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Antibodies 
Anti-MAP2 (microtubule associated protein 2) (mouse IgG, Boehringer Mannheim, 
Indianapolis, IN) was diluted at 1:1000 in blocker and used as a marker of ganglion cells and 
the inner plexiform layer'*. An antibody against class III beta tubulin (TUJ1) was used as a 
neuronal marker and was diluted at 1:200 (mouse IgG, Chemicon International, Temecula, 
CA)., Anti-GFAP (glial fibrillary acidic protein) (GA5, mouse IgG, ICN Immunobiologicals, 
Costa Mesa, CA) was diluted at 1:1000, and used as a marker of astroyctes and reactive 
Millier glia of the retina". Anti-Calretinin was used to identify this calcium binding protein 
(rabbit IgG, Chemicon) which has been used as a marker of a subclass of horizontal cells, 
amacrine cells, and ganglion cells'* " and was diluted at 1:3000. Anti-synaptogamin I (P65, 
mouse IgG obtained from Reinhard Jahn, HHMI, Yale University, New Haven, CT) was 
diluted at 1:2000. Anti-recoverin, (rabbit IgG, obtained from A. Dizhoor, Wayne State 
University, Detroit, MI) was diluted at 1:2000, and used as a marker of photoreceptors'*. The 
04 (mouse IgM, Chemicon, 1:400) antibody was used as a marker for oligodendrocytes. 
BrdU was detected using anti-BrdU (rat 1:2000; DAKO Corp., Carpenteria, CA). All primary 
and secondary antibodies were diluted in KPBS with 1% BSA, 0.4% Triton X-100, and 1% 
normal blocking serum corresponding to the species in which the secondary antibody was 
produced. All biotinylated secondary antibodies (horse anti-mouse and goat anti-rabbit, 
Jackson ImmunoResearch) were diluted to 1:500. Strept Avidin Cy3 was diluted in KPBS to 
1:10 000. Negative controls were used in parallel during all immunohistological processing 
by the omission of the primary or secondary antibody. No antibody labeling was observed in 
the controls. 
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Analysis of tissue sections 
Tissue sections containing transplanted GFP expressing mBPCs and labeled with the 
antibodies were examined with a Nikon Microphot FXA photomicroscope (Nikon Corp., 
New York, NY). Retinas that received transplanted mBPCs were compared to control non-
injected age matched retinas to determine if normal morphological development had 
occurred during the survival period post transplant. Murine brain progenitor cells were 
analyzed for their location, morphology and co-localization of antibody markers. Images 
were captured using a Kodak Megaplus Camera (Model 1.4; Kodak Corp., San Diego, CA) 
connected to a Perceptics MegaGrabber Framemaker in a Macintosh 8100/80AV computer 
(Apple Computer, Cupertino, CA) using NIH Image 1.58VDM software (Wayne Rasband, 
NIH, Bethesda, MD). Some sections were visualized and images captured using a Lecia 
TCS-NT confocal scanning laser microscope (Leica Microsystems Inc. Exton, PA). Figures 
were prepared on an iMac (Apple, Power PC G3) using Adobe Photoshop version 4.0 and 
Macromedia Freehand version 9.0 for the Macintosh. Outputs were generated on a Tectronix 
Phaser continuous tone color printer (Tectronix, Beaverton, OR). 
RgcoMJfrMcfzon of fM&PCs infegroW info f&g refi/KZ: Reconstructions 
were drawn from a series of 6-8 confocal images of the same cell. Confocal image series 
were obtained from 8 retinas. Reconstructed images were digitized uing a UMAX Astra 
2400S flatbed scanner (UMAX Corp., Fremont ,CA). The Anal image was constructed in 
Freehand version 9.0. 
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RESULTS 
Murine brain progenitor cells m vitro 
Murine brain progenitor cells were maintained in media supplemented with bFGF and 
EGF as a suspension of neurospheres (Fig. 1). To begin differentiation, the neurospheres 
were harvested, dissociated and plated onto adhesive substrates in media without bFGF and 
EGF. A small proportion of cells remained free floating in the culture media as single cells or 
small neurospheres; these non-adherent cells were removed during processing and therefore 
were not analyzed. Cells in differentiation media appeared to cease proliferation; whereas 
those cells in complete media appeared to continue proliferation based on an increase in cell 
number and density. Murine brain progenitor cells plated in complete media for 3 days (Fig. 
1) had an average cell density of 200 ± 56 (Ave ± SD) cells per 0.1 mm\ Cells grown in the 
differentiation media had an average density of 28 ± 16 cells per 0.1 mm\ 
Cells were evenly distributed across the coverslip; however, when large clumps were 
observed these were not included in the analysis due to the difficulty of quantifying them. 
Cells remained healthy after plating as verified by their continued strong expression of GFP. 
Cells adopted a variety of morphologies when cultured on adhesive substrata in the 
differentiation media. Many mBPCs were unipolar, bipolar or multipolar, possessing neurite-
like processes of variable length. As illustrated in Figure 1, neurites displayed complex 
growth cone-like structures at their tips. Cultured mBPCs also displayed flattened 
morphologies reminiscent of astrocytes and some mBPCs retained their simple spherical 
morphology. 
Specific antibodies were used to assess the phenotypes of the mBPCs after culturing 1 
and 3 days, in the presence or absence of the growth factors. Figure 2 illustrates the 
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expression of MAP2, TUJ1 and GFAP in populations of GFP expressing mBPCs. Many 
mBPCs expressed MAP2 and TUJ1, proteins characteristic of neurons. These cells often 
displayed neuronal' morphologies but could also be round cells with small somata. MAP2 
immunoreactive (IR) cells often displayed extensive processes as well as more simple 
bipolar morphologies. The TUJ1 antibody revealed extensive detail of the neurites (Fig.l and 
2). In contrast, cells were rarely labeled with the anti-GFAP antibody. GFAP-IR was detected 
in cells displaying a mature glial morphology with star shaped, short broad processes (Fig. 
2). 
The percentage of MAP2 and TUJ1 expressing mBPCs observed in differentiation 
media was significantly greater when compared to mBPCs cultured in complete media after 3 
days (MAP2 P 0.001, TUJ1 P <0.001, GFAP P 0.4, two sample student T test, see Table 1). 
These m vifro results revealed that the differentiation conditions used in this analysis 
facilitated the morphological and phenotypic differentiation of mBPCs and confirmed their 
ability to generate cells expressing neuronal and glial markers. 
Murine brain progenitor cells m vivo: Survival, differentiation and morphological 
integration following transplantation into the developing retina 
In order to investigate the influence of the age of the host environment on neural 
progenitor cell survival, differentiation and integration we transplanted mBPCs into the 
developing and mature eyes of Brazilian opossums, Mofwxfe/p&w (Figs. 3 & 4). At 
birth the opossum retina is relatively undifferentiated^' The vast majority of retinal 
cytogenesis occurs postnatally between 1-25 PN (Fig. 3; Sakaguchi, unpublished results). 
The 12-15 PN opossum retina is developmentally comparable to a 1 PN rat retina based on 
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cellular differentiation and lamination patterns™. In the present study we used a 
developmental series of hosts including 5, 8,10, 30, 34, and mature animals of 79 PN and 
over 2 years. By using 'fetal-like' hosts of 10 PN or younger, maturing (30-34 PN) and 
mature (older than 79 PN), we were able to investigate the influence of the cellular 
environment on the mBPCs m vivo. Figure 3 shows the retinal environment at the time of 
transplantation into the young hosts. Incorporation of BrdU was used as an indicator of cell 
division to determine the amount and location of cytogenesis within the developing retina 
(Fig. 3). At 5 PN BrdU-IR was located throughout the outer half of the retina (Fig. 3A). 
Extensive BrdU-IR was present in the 10 PN eye and was still localized to the outer half of 
the retina (Fig. 3B). Cytogenesis continues throughout early postnatal development and many 
BrdU-IR cells were still observed at 20 PN (Fig. 3C). 
7 /waf fronjp&zfif; To determine if mBPCs were capable of survival following 
xenotransplantation into the opossum eye, tissue sections were examined for the presence of 
GFP expressing cells after 1 week post transplant. The mBPCs were reliably identified 
following transplantation based on their GFP fluorescence. Transplanted GFP expressing 
cells were observed throughout the posterior segment of the eye. Cells were found within the 
vitreous, adjacent to the lens, and juxtaposed to the inner limiting membrane (ILM). The 
GFP expressing cells were found as both large aggregates and as dispersed cells within all 
ages of recipient. After 1 week survival, no cells were found fully integrated within the 
neural retina in any age of host. On occasion isolated mBPCs were observed within the ILM; 
however, these cells appeared relatively simple in morphology. After 1 week post transplant 
GFP expressing mBPCs survived in all ages of hosts. The age of the host environment did 
not appear to effect survival or morphological differentiation at 1 week post-grafting. We 
60 
observed no cases of complete morphological integration of transplanted cells within the host 
retina. GFP expressing processes were, however occasionally observed within and along the 
ILM. 
2 weg&r pa# fro/up&znf. GFP expressing mBPCs were again found throughout the 
posterior segment of the eye after 2 weeks post transplant. In contrast to tissue analyzed after 
1 week, more cells were adjacent to the ILM. Although mBPC somata were seldom observed 
within the nuclear layers of the retina, GFP expressing processes were present within the 
ganglion cell layer (GCL) and inner plexiform layer (IPL). At 2 weeks post transplant the 
majority of mBPCs were found bordering the inner retina or abutting the lens within the eyes 
of the youngest hosts (5, 8,10 PN). Transplanted cells within older hosts (30, 34, 79 PN) 
were generally dispersed within the vitreous of the posterior segment; however, these cells 
displayed more differentiated morphologies. Cells in these older hosts rarely integrated or 
associated with the ILM. We observed GFP expressing mBPCs throughout the eye at 2 
weeks post transplant, suggesting the transplanted cells might be capable of longer-term 
survival. After 2 weeks survival it became apparent that the host age influenced the fate of 
cells wz vivo. Although still very limited, the younger the host environment, the more 
incorporation we observed within the host inner retina. 
4 wee&s pa# frafwp&zfzf; After 4 weeks post transplant, GFP expressing mBPCs were 
found incorporated within all layers of the retina following transplant into 5,8, and 10 PN 
hosts (see Figures 4A, B & 6). Many GFP expressing cells integrated into the neural retina of 
5 and 10 PN hosts (Figs. 6A-C, D-G). Transplanted mBPCs were observed within the GCL, 
inner nuclear layer (INL) and outer nuclear layer (ONL). Processes were observed extending 
throughout the ILM, GCL, IPL and ONL (Figs. 4A, B, 6A, D &F). The lens and the ciliary 
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margin were also attractive environments for mBPC differentiation. Transplanted mBPCs 
were observed adjacent to and extending into the outer layers of the lens. GFP expressing 
cells were found throughout the posterior segment of the eye. In striking contrast, mBPCs 
survived and differentiated morphologically but in general remained within the vitreous or in 
close contact with the ILM following transplantation into the older 30, 34,79 PN and adult 
hosts (Figs. 4C, D). Isolated cells appeared to be extending into the inner retina at 34 and 79 
PN, however no somata invaded the host retina at the older ages. At 4 weeks post transplant 
many mBPCs integrated within all nuclear layers of the retina of 5 and 10 PN hosts while 
few cells were observed integrated into the more mature host retinas 
Morphological differentiation of murine brain progenitor cells after transplantation 
After transplantation, recipient retinas appeared to develop normally; tissue taken 
after the various survival periods were indistinguishable from age matched controls. As 
shown in Figure 5, lamination of the IPL and organization within the INL appear normal 
within retinas hosting integrated cells. 
Extensive morphological differentiation and integration was observed following 
transplantation of the mBPCs into 5-10 PN host eyes following 4 weeks survival. A striking 
observation was that transplanted mBPCs appeared to respect the host tissue architecture. 
The transplanted mBPCs appeared to obey the nuclear boundaries of the retina. As shown in 
Figures 4A, B and 6A, mBPCs were found located within the GCL and INL; few somata 
were found within the plexiform layers. We observed extensive outgrowth of processes 
within the plexiform layers (Figs. 6A, D, F, G and 8D). The observation that GFP expressing 
processes extending into the IPL were often organized within specific sublamina was most 
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intriguing (Fig. 6A, 7 & 8D). As shown in Figure 6A, processes from GFP expressing somata 
located within both the INL and GCL extended specifically into what appeared to be OFF 
and ON sublamina. Transplanted cells often possessed morphologies similar to specific 
retinal cell-types. Figures 6 & 7 illustrate cells with a bipolar cell morphology (Fig. 6A), with 
apical and basal processes extending to the OPL and IPL. Some transplanted GFP expressing 
cells located in the outer portion of the INL, adjacent to the OPL, adopted morphologies 
similar to horizontal cells with neurites extending along the inner portion of the OPL (Fig. 
6D, 7). We observed mBPCs within the INL displaying different morphologies depending 
upon their location. Cells with morphologies similar to horizontal cells were observed in the 
outer INL (Figs. 6D, 7), bipolar-like cells were found throughout the INL (Fig. 6A) and 
amacrine-like cells were seen within the inner INL (Figs. 6A, F, 7). GFP expressing cells 
residing in the GCL often displayed ganglion cell-like morphologies (or displaced amacrine 
cell morphologies) (Fig. 6F, 7). Transplanted cells were also observed along the ILM 
extending processes along the inner retinal surface. GFP expressing processes within the 
optic nerve head region were only observed 4 weeks after transplantation into the youngest 
recipient (5 PN) (Fig. 6C). Cells within this region of the optic nerve possessed small somata 
but extended extensive processes into proximal regions of the optic nerve. 
In contrast to the younger hosts, we rarely observed GFP expressing cells that were 
morphologically integrated into the neural retina in the older transplant recipients. However, 
cells with a variety of morphologies were found within the vitreous of older hosts. 
Transplanted mBPCs comparable in structural complexity to those seen in vzfro were found 
in the vitreous and in proximity to the neural retina. Murine brain progenitor cells were also 
observed to form a monolayer along the inner retinal surface in older hosts (30-79 PN). 
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These cells lining the retina were simple and uniform in shape; they often elaborated 
processes along the ILM forming a continuous monolayer of GFP expressing somata and 
processes (Figs. 4C, D). 
Evaluation of the phenotypes adopted by mBPCs w vivo 
A panel of specific antibodies was used to evaluate if the transplanted cells adopted 
mature neural phenotypes m vivo. Within the mammalian retina MAP2-IR is found within 
neurons of the inner retina^'Some GFP expressing cells were found to express MAP2 
when located in the inner retina (Fig. 8A). Integrated cells expressed MAP2 within the GCL 
and INL. Figure 8 A, shows a number of MAP2-IR cells located within both these nuclear 
layers. In addition, some GFP expressing cells located within the vitreous were also MAP2-
IR (data not shown). Cells incorporated within the outer layers of the retina were not MAP2-
IR. 
A subpopulation of GFP expressing cells were observed to coexpress calretinin (Fig. 
8B). In the mature retina antibodies against calretinin labels some amacrine and horizontal 
cells, as well as the IPL^ The merged image in Figure 8B illustrates examples of GFP 
expressing cells that coexpressed calretinin (arrows). In some cases the calretinin-IR mBPCs 
were relatively evenly distributed similar to host cells in the surrounding retina. We found no 
calretinin expression within the outer retina. 
mBPCs integrated within the ONL did not adopt morphologies characteristic of 
mature photoreceptors. However, a relatively small subpopulation of GFP expressing cells 
were observed to coexpress recoverin, a marker for photoreceptors and cone bipolar cells 
(Fig. 8C). The merged image in Figure 8C illustrates a cluster of GFP expressing somata 
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coexpressing recovehn. The GFP expressing cells were located along the inner border of the 
ONL, adjacent to the OPL. 
An antibody against the presynaptic terminal protein P65 was used to determine if 
GFP expressing processes expressed a synapse associated protein. In this analysis, very little 
P65-IR was observed within GFP expressing processes. However, GFP expressing processes 
within the IPL were intertwined among host processes (Fig. 8D). 
We used an antibody against GFAP to determine if transplanted cells expressed this 
glial marker. In this analysis GFAP-IR was observed only among host astrocytes. mBPCs 
found adjacent to and along the inner retina were not GFAP-IR. We only found GFAP-IR (at 
all ages examined) among mBPCs situated in the vitreous, generally among clusters of GIT 
expressing cells (data not shown). 
DISCUSSION 
Neural progenitor and neural stem cells have been successfully transplanted into the 
injured and diseased mammalian retina*"'". Incorporation within the intact mammalian retina 
has been observed in young hosts, yet no study has systematically analyzed the effect of the 
developing environment on neural progenitor cell fate in vivo. In the present study we have 
demonstrated for the first time that transplanted neural progenitor cells can survive, 
differentiate and morphologically integrate into the developing mammalian retina of the 
Brazilian opossum. Utilizing a marsupial, as an experimental model system we have 
demonstrated that the age of the host environment strongly influences the ability of mBPCs 
to differentiate and integrate into the host tissue. This is the first study to demonstrate 
extensive morphological integration of mBPCs into the intact mammalian retina. The finding 
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that neural progenitor cells can not only migrate into a highly organized tissue such as the 
retina, but also adopt characteristic morphologies without disrupting the host retina strongly 
supports their use for further transplant studies. 
/n vitro differentiation of mBPCs 
Capable of self-renewing in culture, mBPCs were maintained as neurospheres in 
growth factor supplemented culture media. After plating onto adhesive substrates mBPCs 
cultured in the absence of bFGF and EGF adopted mature cellular phenotypes. mBPCs often 
adopted elaborate morphologies m vzfro and often appeared to interconnect via complex 
neuritic processes. Using markers against mature neuronal and glial proteins we observed a 
significant increase in the number of mBPCs immunoreactive for both MAP2 and TUJl. As 
the culture environment was not manipulated, except for the withdrawal of the mitogenic 
factors, the potential to express neuronal proteins must be intrinsic to the cell upon exiting 
the cell cycle. Few mBPCs were labeled with the GFAP antibody in either culture conditions 
suggesting more complex regulation of the astrocytic phenotype from these neural progenitor 
cells. Furthermore, no mBPCs were labeled with an antibody directed against 
oligodendrocytes^' (04 antibody from Chemicon International, data not shown), although 
this 04 antibody clearly labeled oligodendrocytes in sections of brain tissue. 
Survival and integration of transplanted mBPCs 
Following transplants, cells dispersed and migrated throughout the posterior segment 
of the eye and were easily identified using fluorescence microscopy due to their GFP 
expression. As a standard procedure, an aliquot of cells used for transplants was always 
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cultured for 24 hours to verify the condition of the mBPCs at the time of transplant. These 
mBPCs were always strongly GFP expressing and thus, we are confident that at the time of 
transplant the cells were in a healthy condition. 
Our results clearly demonstrate that mBPCs were capable of survival following 
xenotransplantation, even in the absence of immunosuppression. This may be due to the 
relative purity of cultured mBPCs, which lack antigen presenting cells and passenger 
leukocytes that would be present in conventional grafts of neural tissue. A large number of 
GFP expressing cells survived after transplantation in all ages of recipient. After 1 week, 
transplanted cells were observed within the vitreous or adjacent to the lens. After 2 weeks, 
cells began to integrate within the retina but were not found incorporated within the nuclear 
layers. At 4 weeks post transplant, mBPCs incorporated within all layers of the younger host 
retinas (5-10 PN). The physical barrier of the ILM could prevent invasion of cells into the 
older retinas. 
The incidence of incorporation of GFP expressing cells decreased with increasing age 
of the host eye. At 5 and 10 PN, GFP expressing cells were found within all layers of the 
retina. In general, cells transplanted into older hosts remained in the posterior segment of the 
eye or aligned themselves along the ILM, and were seldom observed integrated into the host 
tissue. Survival and differentiation cues, such as growth or neurotrophic factors and 
cell/extracellular adhesion molecules are especially abundant early in retinal development^ 
It is likely that factors such as these would facilitate the survival, differentiation and 
migration of the transplanted cells at younger ages. Furthermore, it is possible that immature 
retinal tissue acts as a weaker physical barrier to the emigration of the mBPCs. The vitreal 
surface of the developing retina of the youngest hosts (5-10 PN) is composed principally of 
the processes of the neuroepithelial progenitor cells the nascent axons of the RGCs and the 
retinal basal lamina. With continued development, the vitreal surface becomes thicker and 
more complex as additional RGC axons accumulate on the optic fiber layer. In addition, the 
ILM is formed by endfeet of the Millier glial (retinal gliogenesis begins at approximately 15 
PN) and the astrocytes begin migrating into the retina through the optic nerve and line the 
vitreal surface beginning around 20-25 PN. Thus, the increase in physical complexity of the 
vitreal surface may inhibit or slow the migration of transplanted cells from the posterior 
chamber into the more mature retinas. It is interesting to note that we observed extensive 
morphological integration of the mBPCs after 4 weeks post transplant into the youngest hosts 
(5-10 PN). The extensive morphological integration occurred between 2 and 4 weeks 
following the transplant of the mBPCs. In the case of the 10 PN hosts this would correspond 
to a developmental window between 24-38 PN. Transplants into comparable aged hosts (24 
- 38 PN) produced no incorporation. Additional studies are necessary to identify and 
determine what factors regulate the migration and integration of transplanted neural 
progenitor cells into the CNS. 
Morphologically integrated mBPCs respected the architectural organization of the 
retina. Transplanted cells were principally localized to the nuclear layers and their processes 
found to organize into appropriate layers based on retinal laminar position. Transplanted 
mBPCs located within the GCL and inner regions of the INL extended processes into the 
IPL. In many cases the processes were restricted to specific sublamina within the IPL, either 
the ON or OFF sublamina. These results suggest that the migrating mBPCs were capable of 
detecting molecular cues present within the host retina. It is possible that the cues are 
intimately involved in regulating the incorporation of the transplanted cells. Of course, we 
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cannot rule out the possibility that the grafted cells are simply restricted mechanically by the 
host microenvironment, and adopt the morphological attributes seen here due to this 
mechanism. 
Differentiation of mBPCs w vivo 
mBPCs can differentiate m vivo producing characteristic retinal morphologies. 
Transplanted mBPCs adopted a variety of morphologies both within the vitreal chamber (all 
ages) and within the retina of young hosts. Transplanted cells with morphologies reminiscent 
of amacrine, bipolar and horizontal cells were found in the INL and cells with morphologies 
similar to RGCs and displaced amacrine cells were found in the GCL. No GFP expressing 
cells adopted morphologies characteristic of mature photoreceptors. Our results also suggest 
mBPCs are capable in vivo of extending long processes after transplants into 5 PN hosts, as 
GFP expressing processes were observed extending within the optic nerve. 
Many transplanted cells expressed mature neuronal phenotypes. MAP2 was co-
expressed by many GFP cells positioned within the inner retina and vitreous. As we observed 
no MAP2 expression in the mBPCs which incorporated into the outer layers of the retina, this 
suggests an endogenous, inhibitory signal present in the outer retina that may be involved in 
the regulation of MAP2 expression. In the host retina, calretinin-IR amacrine cells are 
located in the inner INL and are equally spaced around the curvature of the retina. GFP 
expressing calretinin-IR mBPCs were found in appropriate locations for native amacrine 
cells. GFP expressing cells, located in the ONL were recoverin-IR. These cells did not have 
typical photoreceptor morphologies but were found nestled among inner segments of 
surrounding receptors. No previous study has reported retinal specific differentiation of brain 
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derived cells. The regionalization of expression of specific neural phenotypic markers by 
transplanted cells strongly suggests that the mBPCs were capable of responding to local 
environmental cues within the retina. 
Our results are consistent with previous work in rats with transplanted hippocampal 
progenitor cells *"*. These studies demonstrated that although the mature diseased 
microenvironment is supportive of progenitor cell integration, only the immature normal 
retina possesses this property. Here we show that by systematically evaluating recipient age 
and transplant outcome, we can determine the contribution of the host developmental stage to 
the differentiation capacity of grafted progenitor cells. Future studies are needed to elucidate 
the molecular mechanism for this effect. 
Conclusion 
Neural stem/progenitor cells clearly possess a remarkable degree of plasticity. The 
data presented here demonstrates that mBPCs can survive intravitreal transplantation and 
incorporate within the intact, developing retina. Here we have shown for the first time that 
the developing environment may be critical in determining the fate of transplanted progenitor 
cells. Four weeks after transplantation into a developing environment murine derived neural 
progenitors integrated within the neural retina, respected the architectural organization and 
adopted retinal-like morphologies and phenotypes. 
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Figure 1. 
mBPCs m v&ro as neurospheres and dissociated cells. (A, B) Phase contrast images of mBPCs. 
(A) mBPCs were maintained as neurospheres when cultured in complete media. (B) mBPCs 
adhered and extended processes when cultured in differentiation media on adhesive substrates. 
(C, D) Fluorescent images illustrating the pattern of TUJ1-IR in processes of cultured mBPCs. 
Scale bars = 20 pm. 
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Figure 2. 
Expression of neuronal and glial markers by mBPCs m vifro. (A, C, E) Fluorescent images 
illustrating GFP expressing mBPCs and immunoreactivity for (B) MAP2, (D) TUJ1 and (F) 
GFAP The asterisks indicate examples of GFP expressing mBPCs that also expressed neural 
markers. Scale bar = 20 pm. 
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Table 1. mBPCs differentiate upon withdrawal of growth factors. 
1 day 3 days 
Complete Differentiation Complete Differentiation 
MAP2 5 ±3.7 26 ±6.2* 22 ±18 55 ±11.9* 
TUJ1 30±8 35 ± 12.9 24 ± 3.8 86 ±8.3* 
GFAP 1 ± 1.2 2 ±3.1 2 ± 3  5 ±6.5 
Table 1. Complete: mBPCs cultured in media containing bFGF and EGF. Differentiation: 
mBPCs cultured in media without bFGF and EGF. Values are percentage of immunoreactive 
cells (average) ± Standard deviation and represent pooled data from 3 separate culture 
sessions. The expression of MAP2 was significantly different between mBPCs maintained in 
differentiation media and those in complete media after both 1 and 3 days (P <0.001 and 
0.004 respectfully), the expression of TUJ1 was significantly different after 3 days in 
differentiation media (P <0.001). 
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FignreS. 
Neurogenesis within the developing opossum retina. Images showing BrdU-IR within the 
postnatal retina. Pups received subcutaneous injections of BrdU at (A) 5, (B) 10 and (C) 20 
PN, and were sacrificed 2 hours later. Extensive BrdU incorporation was observed during early 
postnatal development Abbreviations: CB: cytoblast layer; GCL & g: ganglion cell layer; IPL: 
inner plexiform layer; INL: inner nuclear layer. Scale bars A- 500 y^m, B & C 300 ^m. 
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Figure 4. 
Fluorescent images of mBPCs illustrating their survival and integration into the developing 
neural retina 4 weeks post transplant. GFP expressing cells were observed within the eye at all 
ages. (A) Within the 5 PN host, GFP expressing cells were found integrated throughout the host 
retina. (B) At 10 PN mBPCs were observed within all layers of the retina; GFP expressing cells 
were observed in the RPE, ONL, INL, IPL and GCL. (C) In an older host of 34 PN, mBPCs 
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figures. 
The architectural integrity of die retina was maintained after incorporation of mBPCs. (A) GFP 
expressing cells integrated throughout the 10 PN host retina after 4 weeks post transplant. (B) 
Differential Interference Contrast (DIC) microscopy image of the retina illustrated in A and an 
age matched, control retina (Ç). Asterisks in (B) correspond to GFP expressing transplanted 
somata from (A). All tissue sections were obtained from 38PN animals (i.e. 10 PN host plus 
4 weeks (28 days) survival post transplant). Abbreviations: OPL: outer plexiform layer; INL: 
inner nuclear layer; IPL: inner plexiform layer; GCL: ganglion cell layer. Scale bar = 20 //m. 
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Figure 6. 
Morphological differentiation and integration of mBPCs into the 5 and 10 PN retina 4 weeks 
post transplant. GFP expressing cells appeared intertwined between host cells in an organized 
extensive network in both ages of host; images captured using confocal microscopy. (A) GFP 
expressing cells were found throughout the host retina, with somata located within nuclear 
layers and processes extending throughout the plexiform layers. At 5 PN cells incorporated 
into the INL extended elaborate processes. (B) GFP expressing cells extending processes 
within the INL. (C) GFP expressing cells with long processes were found in the optic nerve 
at 5 PN. Dotted line represents boundary of optic nerve. Cells appeared morphologically 
analogous to bipolar cells (A), horizontal cells with laterally extending processes (D), 
amacrine cells with large soma and extensive dendritic arborizations (F) and ganglion cells 
(A, F). Cells incorporated within the outer nuclear layer did not adopt morphologies 
comparable to photoreceptors (G). Abbreviations: RPE: Retinal pigment epithelium; ONL: 
outer nuclear layer; OPL: outer plexiform layer; INL: inner nuclear layer; IPL: inner 
plexiform layer; GCL: ganglion cell layer; ONH: optic nerve head; ON: optic nerve; h: 
horizontal-like cell; b: bipolar-like cell; a: amacrine-like cell; g: ganglion-like cell. All scale 




Transplanted GFP-expressing mBPCs are capable cf developing morphologies similar to retinal 
cell types. Reconstructions of GFP-expressing cells morphologically integrated into the developing 
retina. Each cell was reconstructed from a series of confbcal images. Cells exhibiting morphologies 
similar to retinal neurons are displayed together in a single Held. Abbreviations: he: horizontal­
like cell; be: bipolar-like cell; ac: amacrine-like cell; gc: retinal ganglion-like cells (or displaced 
amacrine-like cell); OPL: outer plexiform layer; INL: inner nuclear layer; IPL: inner plexiform 
layer; GCL: ganglion cell layer. The dashed lines demarcate the approximate boundaries of the 
plexiform layers. 
Figure 8. 
mBPCs express neuronal markers after transplantation into the 10 PN host retina. Images 
captured using confocal microscopy. (A-D) The left column illustrates the GFP expressing 
cells within the host retina, the middle column shows the antibody immunoreactivity within 
the host retina and among transplanted cells, the right column shows the merged image 
illustrating colocalization of GFP and antibody. Merged images were created by merging 
confocal images of GFP fluorescence (green) with antibody labeling patterns (red). (A) 
mBPCs incorporated within the inner nuclear layer were MAP2-IR, (cells incorporated into 
the outer layers of the retina were not MAP2-IR). (B) Calretinin-IR was observed among 
GFP expressing cells in the inner retina. Cells were located among calretinin-IR amacrine 
and ganglion cells. No Calretinin-IR mBPCs were found in the vitreous of the outer retina at 
this age. (C) Recoverin-IR was observed among GFP expressing cells located within the 
ONL. mBPCs were found to express recoverin only when located within the outer retina. (D) 
GFP expressing processes were seen ramifying throughout the IPL these processes were not 
P65-IR but were intertwined among the processes of the IPL. Green=GFP, Red=MAP2, 
calretinin, recoverin-IR or P65, Yellow=co-localization. Arrows highlight examples of 
colocalization. Abbreviations: ONL: outer nuclear layer; OPL: outer plexiform layer; INL: 
inner nuclear layer; IPL: inner plexiform layer; GCL: ganglion cell layer. Scale bars = 20^m. 
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Abstract 
The ability to treat retinal degeneration with stem cell grafts has a number of 
advantages over other therapies. Neural stem cells are readily available, pluripotent and can 
be maintained in vitro for long periods of time. However, few studies have demonstrated the 
expression of retinal specific proteins among brain-derived progenitor cells a process we 
refer to as retinalization. Using developing, dissociated retina as a potential source of rod 
promoting factors we cocultured with GFP expressing brain-derived progenitor cells (eGFP-
BPCs) and assayed for the expression of retinal associated proteins. BPCs were induced to 
express rhodopsin after mixed coculture; an effect that was dramatically augmented after 
coculture across a culture insert suggesting a soluble retinal derived factor promotes rod 
differentiation. Mature retina and non-retinal tissue was not found to induce retinalization. To 
be able to generate retinal-like neurons before transplantation and to understand the factors 
which induce rod development has tremendous implications for treating retinal degeneration. 
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Introduction 
The promise that neural stem and progenitor cells can be used to generate and replace 
mature neural cells is accompanied by mixed results. Central nervous system (CNS) derived 
progenitor cells have been shown to adopt neuronal identities both in vitro and in vivo. 
However, obtaining specific neuronal phenotypes 'on demand' either after transplantation or 
in culture is still somewhat of an elusive task. Neural progenitor cells have been isolated 
from adult ^ developing^ and embryonic* sources, maintained in vitro for extended periods 
of time while still retaining their ability to proliferate and self renew. 
Pathologies of the eye including retinal degeneration prove extremely difficult to treat 
as photoreceptors, like most other CNS neurons, fail to regenerate or replicate. Neural 
progenitor cells have shown great promise as a potential therapy. Adult derived hippocampal 
progenitors survive intra-vitreal transplantation, migrate within the host retina and in some 
cases differentiate into neuronal-like cells, yet they fail to adopt retinal phenotypes \ Mature 
intact retinal environments are not conducive to the integration of transplanted progenitor 
cells™. However, a damaged retinal environment induced mechanically" or by transient 
ischemia * supports if not promotes incorporation. We have previously shown the developing 
retina also supports the survival and integration of neural progenitor cells'". Furthermore, the 
transplanted brain-derived progenitor cells (BPCs) adopted morphologies of many retinal 
neurons and regionally expressed characteristic proteins. Our previous results suggested that 
during a critical period in development brain-derived progenitor cells were capable of 
responding to local retinal cues when differentiating'". 
The retina develops from an apparent homogeneous sheet of neuroepithelium. Much 
interest surrounds how the subclasses of retinal neurons are specified during development. 
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Rather than the cells having intrinsic control over their fate, it has been shown that retinal 
progenitor cells are pluiripotent and can give rise to all retinal cells (except astrocytes which 
migrate into the retina via the optic nerve) or continue to divide producing more retinal 
progenitors In order to determine the (natural) fate of retinal progenitor cells Cepko et al 
stably infected developing retinas with a BAG retroviral vector Clones of cells were 
subsequently identified all derived from an original infected progenitor. As labeled clones of 
cells contained all combinations of retinal neurons (and Millier glia), these studies 
demonstrated that the retinal environment and not the intrinsic program of the progenitor, 
determined cell fate. The subclasses of retinal neurons differentiate in a characteristic 
sequence, which is conserved across vertebrate species'* Holt JW1988, Adler R and Farber 
The retina 1986). Ganglion cells, amacrine cells and cone photoreceptors are among the first 
cohort to be generated during the third week of gestation in the rodent. Followed by 
horizontal cells, and postnatally rods, bipolar cells and Muller glia". Being the principle 
photoreceptor and most abundant cell type in the rodent retina rod development has been 
studied quite extensively". Cultures of El 5 retinal cells begin to adopt rod phenotypes after 
5-7 days in vitro, corresponding to the time such neurons normally differentiate in vivo (E20) 
When cocultured with an excess of P0/P1 retina (a time most rods differentiate) a larger 
proportion of El5 retinal progenitors differentiated into rods. Other ages of retinal tissue and 
brain-derived cells did not mimic this effect Furthermore, the rod-promoting factor has 
been shown to be diffusible and not cell-cell contact mediated 
In order to investigate if the cues present in the developing-differentiating retina can 
induce brain-derived progenitor cells to adopt retinal phenotypes in vitro we have developed 
a coculture system. Building upon our observations in vivo where we found BPCs could 
adopt retinal phenotypes after transplantation into a developing environment, we show P0/P1 
retina is capable of inducing rhodopsin expression among brain-derived progenitor cells in 
vitro. The effect appears to be due to a diffusible factor and is enhanced in the absence of 
cell-cell contact. Furthermore, developed retina (P8/9) fails to induce rhodopsin expression 
among BPCs illustrating an age/environment dependent phenomenon. Non-retinal CNS-
derived tissue also failed to induce the retinalization of BPCs in vitro. To be able to induce 
progenitor cells down a retinal fate before transplantation (into the eye) could lead to greater 
success in treating or replacing neurons in the mature eye. 
Results 
p&oforecqdors 
In order to harness the potential 'rod promoting' cues present in the developing retina 
we isolated tissue from PI mice, a time when most photoreceptors differentiate. Although 
many retinal neurons differentiate embryologically; at birth, the mouse (rodent) retina is still 
immature. Subclasses of retinal neurons can be identified by their morphology, location 
within the neural retina and by expression of characteristic proteins. Using antibodies against 
retinal specific proteins it is possible to distinguish between the subclasses of retinal neurons 
both in tissue sections and in vitro. Retinal tissue sections were processed at PI to determine 
the stage of differentiation at the time of dissociation and at P7 to show development and 
differentiation within the first week postnatal (and to compare with the differentiation of 
retina in vitro see later section). At PI, the inner retina was morphologically more 
differentiated than outer regions, with the ganglion cell layer and inner plexiform layer 
clearly identifiable. Although the outer nuclear layer appeared undeveloped at PI (Fig. 1), 
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cells were found immunoreactive for recoverin (cones) and some for rhodopsin (rods). The 
number of rhodopsin-immunoreactive (IR) cells was low and the distribution sparse; with 
most found in central regions of the retina. Calretinin immunoreactivity used as a marker of 
(a subclass of) amacrine cells (Fig. 1) was found within the presumptive inner nuclear layer 
(INL), at low levels in the ganglion cell layer (GCL) and diffusely within the inner plexiform 
layer (IPL). 
After a week (P7) lamination within the retina was present (Fig. 1). High levels of 
rhodopsin and recoverin were present throughout the outer nuclear layer, which was well 
defined and an outer plexiform layer could be identified. Calretinin-IR was confined to 
discrete cells within the INL and GCL and formed a clear sublaminar within the IPL. The 
antibodies used in this investigation were clearly specific for subclasses of retinal neurons. 
We confirmed that at the time of dissociation PI many photoreceptors (namely rods) are still 
undifferentiated. 
JfedW cefk m v&ro. 
Based on our observations (as shown in figure 1) and previous birth-dating studies we 
isolated retinal cells from PI mice for use in coculture experiments. To confirm the viability 
of dissociated retina, and to verify our ability to identify subclasses of cells in vitro, PI 
cultures were screened with rhodopsin, recoverin, calretinin, neurofilament and glial 
fibrillary acidic protein. 
As shown in figure 1, the outer nuclear layer was very immature at the time of 
dissection with few rhodopsin-IR cells. After one week retinal cultures were screened with 
antibodies against proteins characteristic of sub classes of retinal neurons. Ganglion cells 
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(Fig. 2a) were visualized by anti-NF; long processes could be seen extending within the 
retinal culture (presumptive axons). A subclass of amacrine cells (Fig, 2b) labeled with anti-
calretinin, were sparsely distributed within the cultures yet morphologically distinct, with 
elaborate processes and small somata. Photoreceptors (Fig. 2c) were identified with anti-
recoverin. Recoverin-IR cells were found in small clusters throughout the retinal cultures, 
such cells had short unipolar processes. Rods (Fig. 2d) were identified with anti-rhodopsin 
and contributed to a large percentage of the culture. Rods were found to have elongated 
morphologies with two long processes or triangular soma with short processes. Rhodopsin-IR 
cells were seldom found in isolation. Astrocytes (Fig. 2e) were labeled with anti-GFAP and 
easily identified by their unique morphology; some GFAP-IR cells may have represented 
Millier glial. The number of GFAP-IR cells varied with culture time. Our data supports the 
ability to recognize retinal cells in vitro and use the aforementioned antibodies as an assay of 
retinalization within in retina-BPC cocultures. 
Brmm-denvfd progenitor cefb (KjQfkrenAz# f&e cocK&Mre. 
In order to determine the fate of progenitor cells in the presence of differentiating 
retina (PI), cocultures were fixed after 7,14,21 or 28 days. Brain progenitor cells (BPCs) 
were easily identified within the coculture by their expression of GFP. Using antibodies 
shown to identify subclasses of retinal neurons (Figures 1 and 2) BPCs were analyzed for 
their co-expression of GFP and antibody. Control cultures of BPCs and retina alone were 
processed in parallel. 
In the absence of growth factors (bFGF and EOF) BPCs differentiated 
morphologically, adopting neuron-like characteristics as seen in previous studies" '". After 3 
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days BPCs were found to express proteins typical of neurons such as microtubule-associated 
protein 2 (MAP2), and beta tubulin (TUJ1) (data not shown see"*); yet even after longer 
culture periods (28 days) were not found to express retinal associated proteins. The presence 
of retinal media (50% of coculture media) did not affect the fate of BPCs, as cells adopted 
morphologies and phenotypes in similar proportions as in pure differentiation media 
(unpublished observations). A small number of BPCs (~1%) expressed calretinin and 
neurofilament after 14 days in vitro. 
Dissociated PI retina differentiated (Fig. 2), as rhodopsin-IR was found in abundance 
after one week in vitro. All subclasses or retinal cells were identified within the retina only 
culture. After 14 days in vitro the number of NF-IR cells (presumptive ganglion cells) 
decreased and the number of GFAP-IR cells increased (by a small amount). However 
rhodopsin, recoverin and calretinin-IR cells were found within the culture at almost constant 
levels for the duration of the investigation (one month). 
Rods, cones, amacrine and ganglion cells (non-GFP expressing) were present in the same 
number within the coculture as the retina only culture. Retinal neurons (non GFP expressing) 
were found dispersed among BPCs (GFP expressing) and as small isolated clusters. 
Cocultures were analyzed for the differentiation of BPCs. 
After 1 week, BPCs extended processes and differentiated from their simple spherical 
morphology to more neuronal-like cells as described previously'". No BPCs were found to 
express any of the anti-neuronal antibodies being screened; 1-2% of BPCs expressed GFAP a 
percentage comparable with our other studies. After 14 days BPCs were found to express 
rhodopsin. Approximately 1% of GFP-expressing cells were found rhodopsin-IR after 14 
days; these cells were generally located within or around rhodposin-IR clusters (non-GFP 
expressing). Low levels of recoverin and calretinin-IR were observed among few BPCs, 
although such immunoreactivity appeared diffuse. In such cases rhodopsin-IR was found 
located within somata. After 21 days the number of GFP-expressing cells immunoreactive 
for rhodopsin increased (Fig. 3, table 1). Rhodopsin-IR cells were found among BPCs not 
expressing rhodopsin, in isolation (few) and among retinal cells. In contrast to the cells 
observed rhodopsin-IR after 14 days, those found after 21 days had both elongated, flattened 
and triangular morphologies. Often the cells expressing the highest levels of rhodopsin 
(determined by intensity of the fluorescence) had the least photoreceptor-like morphology. 
After 28 days ihodopsin and recoverin-IR BPCs were observed among the cocultures 
(n=12; separate cultures, Table 1). Rhodopsin-IR was observed throughout the cell in 
contrast to small discrete regions seen after 14 days. After 21 days the density of the 
coculture determined the density of rhodopsin-IR BPCs. Recoverin was found (<~1% cells) 
among BPCs only when neighbored by retinal recoverin-IR cells. As in retinal only cultures 
the number of NF-IR cells decreased after 7 days, with no NF-IR cells present after 21 days. 
No BPCs were found to have NF-IR processes. BPCs were found to express low levels of 
calretinin after 28 days; these cells did not have morphologies or characteristics of cultured 
amacrine cells. The data from all cultures is summarized in table 1. 
It was apparent when visualizing cultures that the regional density variations within 
the coculture affected the number of rhodopsin-IR cells. Therefore high(er) density retinal 
cultures were subsequently plated and seeded with BPCs. As shown in figure 4 after 21 days 
the number of rhodopsin-IR cells within low and high-density cultures differed quite 
considerably. Clusters of rods (rhodopsin-IR cells) were found among BPCs expressing 
rhodopsin. Few progenitor cells were found to express rhodopsin at distances from 
rhodopsin-IR retinal cells (GFP-). The morphology of BPCs both rhodopsin-IR and 
rhodopsin-negative were unlike cultured photoreceptors. 
Our mixed coculture experiments demonstrate that BPCs can express proteins 
associated with photoreceptors when cultured in the presence of PO retinal neurons. 
6^ a gofgfAfe ybcfor. 
The observation that brain-derived progenitor cells can express Aodopsin after 
coculture with PO retina could be due to a cell contact mediated effect or a soluble retina-
derived factor. In order to assess the basis of the rhodopsin inducing effect from cultured 
retinal cells, we repeated the coculture experiment but separated the two types of cells with a 
culture membrane. Culture inserts with 0.4 |im membranes allow cells to be maintained in 
the same culture media and hence exposed to the same soluble factors yet physically separate 
cells preventing cell-cell contact. Retinal cells were seeded into the insert and were as 
successfully maintained as the cells plated in culture wells. Progenitor cells (on cover glass) 
were either, placed beneath retinal cultures or maintained in the absence of retinal cells and 
analyzed as described for the cocultures. After 7 days, the BPCs had extended short 
processes and were dispersed nicely across the coverglass. No cells were found to express 
any of the anti-retinal proteins being screened. Before analysis at 14 days, it was apparent 
many BPCs had adopted an elongated morphology. Such cells were bipolar, relatively flat 
and distinct from the normal 'neuronal' morphologies seen in previous mixed cocultures and 
control cultures. Between 5-8% of cells expressed rhodopsin throughout the cells and at 
levels (fluorescent intensity) similar to those seen after 28 days in the mixed coculture. No 
progenitor cells were observed to express recoverin, calretinin or neurofilament. After 21 
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days many of the BPCs had thin filament like processes; such cells were grouped away from 
more 'typical' BPCs. The majority of elongated progenitor cells expressed rhodopsin after 21 
days when cultured in the presence of retinal tissue. These rhodopsin-IR cells accounted for 
between 25-35% of BPCs within the culture (n=4). No cells were observed to express either 
recoverin, calretinin or neurofilament at 21 days. Due to the dramatic results obtained after 
14 and 21 days, cultures were not maintained for longer than three weeks. 
We found a considerably larger percentage of progenitor cells expressing rhodopsin when 
cocultured with PO retina through a membrane (~25%) than in a mixed coculture (~1%). 
Age specificity of rhodopsin induction. 
The finding that brain derived progenitor cells can be induced to express rhodopsin 
after exposure to retinal cells but not in isolation suggests a retinal derived factor promotes 
such protein expression. To test the specificity of the effect and to determine if mature or 
only differentiating retina is capable of inducing rhodopsin we cocultured BPCs with P7/8 
murine retina. As shown in figure 1, at P7 the retina is relatively mature. At this age most 
photoreceptors had differentiated, elaborated outer segments and were rhodopsin or 
recoverin-IR. Cocultures of retina and BPCs were maintained for 14 and 21 days separated 
by a culture membrane as described for PI cocultures, BPC only cultures were maintained 
and processed in parallel. 
Dissociated P7/8 retinal cells remained viable as determined by morphology and 
phase contrast microscopy. BPCs survived and differentiated after coculture with P7/8 retinal 
cells and expressed high levels of GFP. BPC cultures (cover glass beneath membrane) were 
analyzed with rhodopsin, recoverin, neurofilament and calretinin to detect retinalization. 
Within each culture analyzed, only 2-8 cells (insignificant %) were ever observed rhodopsin-
IR. However, it was very interesting to find that such rhodopsin-IR cells were elongated 
(arrow in Fig 6) in comparison to surrounding cells and displayed morphologies similar to 
the rhodopsin-IR cells seen in BPC PI retina cocultures Fig 6. 
Retinal specificity of rhodopsin induction 
Murine brain progenitor cells have not been shown to express rhodopsin in isolation, 
yet can be induced to express the protein either after intravitreal transplantation into a 
developing retina (Van Hoffelen et al 2003) or after coculture with differentiating dissociated 
retina (Figs 3-5). To eliminate the possibility the coculture procedure may promote ectopic 
protein expression (rhodopsin) we cocultured BPCs with murine-derived astrocytes through a 
culture insert. Astrocytes-BPC cultures were maintained for 14 and 21 days after which time 
they were screened with anti-retinal antibodies. BPCs analyzed from cocultures (Fig. 7) were 
indistinguishable from BPCs cultured under empty inserts (control cultures). No BPCs 
adopted elongated morphologies or expressed rhodopsin, recoverin or calretinin. 
Discussion 
Few studies have demonstrated the expression of retinal specific proteins among 
brain-derived stem or progenitor cells a process we refer to as retinalization. In this study we 
have shown murine brain progenitor (BPCs) cells can be induced to express rhodopsin (and a 
lesser extent recoverin) when cocultured with differentiating murine retinal tissue. We had 
previously shown differentiating retina could induce BPCs in vivo although few cells (in that 
study) adopted photoreceptor phenotypes. 
Undifferentiated neural progenitor cells can be induced to adopt many neuronal and 
glial fates by a plethora of growth and neurotrophin factors. Unraveling the correct 
combination of exogenous factors required to trigger specific phenotypic differentiation is an 
extremely arduous task. Here we have utilized the developing-differentiating retina 
specifically at a time rod photoreceptors are 'bom' to provide a potential source of such 
factors. The rationale that brain-derived progenitor cells can be triggered to adopt retinal 
fates in vitro came from the findings that BPCs could express rhodopsin when grafted into 
the developing retina. 
Previous culture studies have demonstrated rod promoting factors present within early 
postnatal tissue Retinal progenitor cells have been shown to adopt rod phenotypes in 
larger numbers when cocultured with postnatal retina'*^'. Although the percentage of rod-
like cells generated by retinal progenitors was increased in such a system'* the time frame of 
differentiation was unaltered; El 5 cells expressed rhodopsin after 5-7 days, as seen in control 
cultures. Here we have shown progenitor cells isolated from non-retinal sources can be 
induced to express a protein characteristic of photoreceptors. Although neural progenitor 
cells are often described as pluirpotent, the ability of cells isolated from one region to adopt 
phenotypes characteristic of another is a source of debate. Evidence from transplant studies 
suggests some neural progenitor cells are regionally specified and do not differentiate when 
transplanted into ectopic regions. Conversely, progenitor cells have been shown to adopt both 
morphologies and phenotypes of surrounding neurons when transplanted into the eye (retina), 
olfactory bulb, spinal cord and hippocampus. Taken together, progenitor cells probably have 
an intrinsic restriction on cell fate and specific regions of the CNS likely promote or prevent 
neuronal differentiation by release of specific factors. 
We have successfully maintained dissociated PI neural retina for over a month in 
vitro. Subclasses of retinal neurons were identified with specific antibodies directed against 
proteins found restricted in their expression within the retina. It must be noted that 
neurofilaments are found in the majority of neurons and calretinin is expressed in cells other 
than the amacrine cells of the retina. Therefore, BPCs expressing these proteins could not be 
described as taking on a 'retinal fate'. However, rhodopsin and recoverin are proteins 
associated with photoreceptors and provide much stronger evidence for retinalization. 
Although rods are the major cell type within the retina to be bom during the first week 
postnatally, the differentiation of retinal cells overlaps and at PI other retinal neurons are 
differentiating albeit in lower numbers. Brain progenitor cells were not seen to differentiate 
into calretinin-IR amacrine cells. Calretinin is expressed within only a subclass of amacrine 
cells therefore our assay does not rule out amacrine cell differentiation as a whole. Although 
the postnatal retina has been shown to inhibit the production of amacrine cells^. The number 
of neurofilament-IR cells decreased in both the retina only cultures and the PI cocultures. 
Ganglion cells have been reported to require extra supplements in vitro and our loss of NF-IR 
probably represents ganglion cell death. Although many presumptive cones (based on 
morphology and recoverin-IR) were found for up to a month in vitro, few progenitor cells 
expressed recoverin within the coculture. As the majority of cones differentiate early in 
retinogenesis, the lack of GFP-recoverin could be due to a lack of environmental cues at PI, 
or, that recoverin upregulation among photoreceptors requires a different intrinsic 
mechanism. Brain derived progenitor cells were not found to express rhodopsin until 14 days 
after coculturing (mixed) with PI retina. As E15 retinal progenitor cells were found to 
express rhodopsin after 5 days does this longer time period represent a more 
undifferentiated state of BPCs, or perhaps time taken to dedifferentiate from a brain directed 
fate to one of retinal lineage? Embryonic rod precursor cells have a delay in development 
between their terminal mitosis and expression of rhodopsin Although rod differentiation 
can be induced by extrinsic factors there appears to be intrinsic limitations in the kinetics of 
rhodopsin expression The dissociated retinal culture is likely to contain both rod 
promoting and inhibitory factors^ it is currently unknown what signals BPCs are capable of 
responding to. It is very interesting to note that when cultured in the physical presence of 
retinal cells BPCs could express rhodopsin, albeit in low numbers. However, after 
coculturing in the presence of retinal cells yet physically separated by a membrane filter the 
percentage of BPCs expressing rhodopsin was considerably higher. This lends support to the 
idea that a rod-promoting soluble factor is present within the PI mouse retina and that this 
factor acts through a cell contact independent manner. The presence of inhibitory factors 
within the retinal culture could have been preventing the retinalization of BPCs, thereby 
masking their ability to adopt photoreceptor-like fates. The older P7/8 dissociated retina we 
used for coculture did not induce rhodopsin expression, demonstrating the signals present at 
PO were either absent or not in significant concentrations. We are currently investigating the 
effect of different aged retinal tissue within the coculture and assaying for the development 
and differentiation of bipolar cells. 
The ability to direct progenitor cell fate prior to or after transplantation has great 
potential in treating retinal degenerative diseases. Although neural progenitor cells have been 
shown to incorporate into the developing^" damaged*'" and degenerating*^^* retina few 
cells adopt retinal-specific fates. Understanding which cues during retinal differentiation 
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progenitor cells can respond to, and what fates they are capable of adopting can be utilized 
when treating the degenerating and damaged retina. 
Materials and Methods 
Culture system 
Brmn /voggmfor cg/b; Murine brain progenitor cells (BPCs) were isolated from the 
brains of neonatal green fluorescent protein expressing transgenic mice ^ as previously 
described*. BPCs were maintained as neurospheres in defined serum free culture medium: 
DMEM/F12 (Omega Scientific, Tarzana, CA), N2 supplement, L-glutamine, nystatin (Life 
Technologies, Rockville, MD) and Penicillin/Streptomycin (Sigma, St. Louis, MO) 
supplemented with bFGF 20 ng/ml (human recombinant bFGF; Promega Corp., Madison, 
WI) and EGF 20 ng/ml (recombinant human EGF; Life Technologies). Cells were fed every 
other day with fresh culture media and passaged by centrifugation and dissociation. For 
plating, cells were collected as a pellet by spinning for 3 minutes at 800G, re-suspended in 
differentiation media (media as described above without the mitogenic factors bFGF and 
EGF), and dissociated by careful titration. 
jkff/KzZ fiscMe.- Pregnant C57BL/6 mice were obtained from Harlan laboratories and 
maintained by Iowa State lab animal resources until the day of birth. Litters of 4-13 pups 
were obtained, the day of birth designated postnatal day zero (P0). Between 18-30 hours (for 
PI cultures) or 7 days (for P7/8 cultures) after birth pups were anesthetized by hypothermia, 
decapitated, washed in cold 70% ETOH and rinsed five times in cold HBSS. Eyes were 
enucleated and transferred to sterile conditions. All dissections were performed in cold sterile 
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HBSS (Low calcium and magnesium, high glucose) on ice. Retinas were isolated and the 
optic nerve head and ciliary margin carefully removed, rinsed in HBSS and enzymatically 
dissociated in HBSS with 1.5% trypsin (bovine postnatal, Sigma) at 37°C for 15 minutes (20 
minutes for P7/8 tissue), following inactivation with fetal bovine serum (FBS, Sigma) tissue 
was spun at 800 G for 4 minutes and resuspended in retina culture medium. Cell viability 
was confirmed using the trypan blue exclusion method. Retinal cells were plated at a density 
of 2-5 X 10^ in ECL coated chamber slides (Falcon Tissue Tek 8 well chamber slides) or 
alternatively seeded onto culture inserts (Millipore Millicells 0.4 pm pore) in a 24 well plate 
(Coming, Fisher Scientific, Pittsburgh, PA). Cultures were maintained for 24 hours in retinal 
culture media (DMEM/F12, putrescence, progesterone, transferrin, selenium, insulin and 1% 
FSB, all Sigma) after which time BPCs were plated on to the retinal culture, cocultures were 
maintained in 1:1 retina:BPC differentiation media. 
Arfrocyfg cw/fwres.' Astrocytes were isolated from neonatal mice (postnatal day P-4 to 
7) as described by Parpura Briefly, brains were isolated from anesthetized mice; cortices 
were removed, chemically and mechanically dissociated and plated in cold MMEM. After 
one passage, astrocytes were plated onto cover glass or culture membranes in 24 well plates. 
All animal procedures for this study adhered to the guidelines and had the approval of the 
Iowa State University Committee on Animal Care. 
Immunocytochemistry. 
Cultures were processed for Immunocytochemistry as previously described. Retinal, 
BPC and cocultures were rinsed in 0.1 M P04, fixed in warmed 4% paraformaldehyde for 20 
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minutes, rinsed in PBS and incubated in an appropriate serum containing blocking solution 
(PBS, 1.5% horse or goat serum, 0.4 % triton X-100,1% BSA) for 30-60 minutes. Cultures 
were incubated overnight in primary antibody (see later section) rinsed 10 X 6 minutes in 
KPBS with Triton-X100, incubated in secondary biotinylated antibody for 90 minutes, rinsed 
and incubated with CY3 streptavidin for 30 minutes in the dark, after further rinses, cultures 
were incubated with DAPI for 10 minutes and coversliped with anti fading medium 
(Vectashield, Vector Laboratories). 
Antibodies. 
An antibody against recoverin (anti-recoverin, rabbit 1: 2000) was used as a marker 
of cone photoreceptors (generously provided by Alexander Dizhoor, Wayne State University, 
Detroit, MI). An antibody against rhodopsin (rho 4D2, mouse 1:30-1:50) was used as a 
marker of rod photoreceptors (generously provided by R. Molday, UBC, Vancouver, BC). 
An antibody against calretinin (anti-calretinin, rabbit, 1:3000) was used as a marker of 
amacrine and some horizontal cells (Chemicon International, Temecula, CA). An antibody 
against neurofilament L/M (anti-NF RMO 308, mouse 1:200) was used as a marker of 
ganglion cells (although some horizontal cell processes contain NF) (Virginia Lee, Univ. of 
Penn, Philadelphia, PA). An antibody against glial fibrillary acidic protein (anti-GFAP, 
mouse, 1:1000) was used as a marker of astrocytes (ICN Immunobiologicals, Costa Mesa, 
CA). An antibody against synaptic associated protein (anti-SV2, mouse, 1:1000) was used as 
an assay for presynaptic specializations (DSHB). 
Mouse antibodies were detected with a horse anti mouse biotinylated secondary 
antibody). Rabbit antibodies were detected with goat anti mouse biotinylated secondary 
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antibody (Secondaries antibodies were obtained from Jackson Immunoresearch). Secondary 
antibodies were diluted in appropriate blocking solution to a concentration of 1:500). 
Biotinylated secondary antibodies were fluorescently labeled using Strept-Avidin CY3 
(Jackson) diluted in KPBS-Triton X100 to 1:10,000. 
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Figure 1. Development of the moose retina during the first week postnatal. 
At PI the neural retina was still quite undifferentiated. Fluorescent microscopy using antibodies 
against rhodopsin, recoverin and calretinin accompanied by the corresponding DIG image 
showed the lamination and differentiation within the retina. At PI the ONL and OPL were 
undefined and resembled neuroepithelium in morphology. Few cells were found to express 
rhodopsin within the presumptive ONL; isolated cells at the outer margin of the ONL were 
recoverin-IR. The inner plexiform layer was not clearly demarcated at PI and amacrine cells 
were either absent or not calretinin-IR at this time. After one week (P7, lower panel) the ONL 
and OPL were clearly demarcated and many photoreceptors were present, expressing either 
rhodopsin or recoverin. The inner retina had a mature architecture at P7. Calretinin-IR was 
found within a sublamina of the IPL and distributed among amacrine-like cells in the INL and 
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Figure 2. Identification of retinal cell types in vitro. 
Confocal images 7 days after dissociation of PI retina. Retinal cells were processed for 
immunocytochemistry 7 days post dissociation. Retinal cells were identified in vitro using (A) 
anti-NF as a ganglion cell marker (although some horizontal cells contain Nfs), (B) anti-calretinin 
as a marker of amacrine cells, (C) anti-recoverin as a marker of photoreceptors, (D) anti-
rhodopsin as a marker of rods and (E) anti-GFAP as an astrocytic marker (Miiller glia may also 
have been present expressing GFAP). All subclasses of retinal neurons were present within the 
retinal cultures and were clearly identified by their immunoreactivity and morphology. Scale 
bar 20 m 
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Table 1. Expression of retinal specific proteins among culture conditions. 
BPC, dissociated PI retina and mixed cocultures were maintained for 7,14,21 or 28 days 
and screened with a panel of antibodies. BPCs were not found to express proteins 
characteristic of retinal neurons but did express GFAP. All subclasses of neuronal cells were 
detected in retina only cultures. BPCs within the mixed cocultures (identified via GFP 
fluorescence) did not any of the neuronal proteins until after 14 days. After 21 an 28 days 
BPCs were found to express rhodopsin. 
Key: - no IR, * to **** relative scale from approximately 1% (*) to 25 % (****). 
7 DAYS 14 DAYS 21 DAYS 28 DAYS 
ANTIBODY BPCs RETINA COCULTURE BPCs RETINA COCULTURE BPCs RETINA COCULTURE BPCs RETINA COCULTURE 
Rhodopsin 
m ** * Bffl *** ** *** ** am ** 
Recoverin 
*** m *** tm ** * m * 
Neurofilament 





* m * * BBS 
GFAP 
— 
** ** * ** ** ** ** ** ** 
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Figure 3. Egression of rhodopsin within- retinal, BPC-only and cocultures after 21 days. 
Confocal images of 21-day cultures using anti-rhodopsin as an assay of retianalization among 
brain-derived progenitor cells. Presumptive rods were identified within dissociated retinal 
cultures; rhodopsin-IR (red/RITC) neurons were found among rhodopsin negative cells in retina 
only cultures (top panel). No retinal cells expressed GFP and had low or no FTTC background 
fluorescence. Progenitor cells differentiated morphologically after 21 days, no GFP expressing 
cells were found to express rhodopsin within the BPC only culture (middle panel). After 21 
days coculture (mixed coculture, lower panel) a small population (2-3%) of GFP expressing 
cells were found rhodopsin-IR. Such cells were situated among rhodopsin-IR retinal neurons 
(no GFP red in merged image) and BPCs not expressing rhodopsin (green in merged image). 
Arrows indicate retinalized cells, those both rhodopsin and GFP expressing. Scale bar 20 m. 
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Figure 4. Rhodopsin expression is induced in a density depended manner. 
Confbcal images illustrating GFP (green) and rhodopsin-IR (red) among mixed cocultures (after 
21 days). A subpopulation of BPCs expressed rhodopsin when cocultured with PI retinal cells 
(indicated by yellow in merged image and arrows). The number of BPCs observed rhodopsin-
IR increased when cultured with a higher density of dissociated retinal cells (lower panel). 
Within cellular clusters rhodopsin-IR/GFP- and rhodopsin-IR/GFP+ cells were identified. Scale 
bar 20 m. 
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Figure S. Induction of rhodopsin wifhin BPCs by a diffusible retinal derived factor. 
Confbcal images of GFP expressing progenitor cells (BPCs) labeled with rhodopsin after 21 
days cocultured but separated from retinal cells. 25-30% of BPCs expressed rhodopsin after 
21 days when cocultured in media with retina cells. (A) BPCs adopted unique morphologies 
within the cocultures often extending long processes. High levels of rhodopsin-IR was found 
throughout many cells. (B) Elongated cells expressed rhodopsin in clusters, such cells were 
seldom found in isolation. Scale bar 20 m. 
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Figure 6. P& retina does not promote rhodopsin expression among BPCs. 
Confbcal images after 21 days showing GPP and rhodopsin expression among BPCs cultured 
beneath dissociated P8 dissociated retina. Almost no BPCs expressed rhodopsin. Atypical 
images aie shown to illustrate the few iho-IR cells observed. BPCs adopted neuronal morphologies 
and extended neurites. Almost 100% of cells were rho-negative. The isolated cells that were 
found to express rhodopsin (arrows) had elongated morphologies and were distinct from 
surrounding GFP/rho- BPCs; such cells represent <1% of BPCs observed. Scale bar 20 m. 
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Figure 7. Coculture with non-retinal cells did not promote rhodopsin expression. 
Confbcal images after 21 days illustrating GFP and rhodopsin expression among BPCs cultures 
beneath astrocytes. BPCs adopted neuronal morphologies and were indistinguishable from cells 
cultured in isolation or beneath empty inserts (data not shown). No BPCs cocultured with 
astrocytes (across a culture membrane) expressed rhodopsin. Scale bar 20 m. 
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Abstract 
Neural progenitor cells have been shown to differentiate in vitro and express a 
variety of neuronal proteins and morphologies. Differentiation into mature neural cells 
however has seldom been demonstrated and requires many external factors including 
astrocytes. Astrocytes and astrocyte-derived cholesterol have been shown to modulate 
neuronal function in vitro. In order to investigate the effect of cholesterol on neuronal 
differentiation we treated brain-derived progenitors cells (BPCs) in vitro. Cultures were 
maintained in cholesterol treatment for 10 days and then processed for 
immunocytochemistry. After cholesterol treatment BPCs elaborated processes and 
extended branches and microspikes across the cellular surface. A significant increase in 
actin containing microspikes was found covering cholesterol treated cells. Along with an 
increased number of MAP2-IR neurites. In contrast, control (vehicle treated) cells 
retained a simple unbranched morphology with few processes. The cholesterol induced 
morphological changes were accompanied by an increased expression of the presynaptic 
proteins synaptotagmin, SV2, SNAP25 and the postsynaptic density associated protein 
PSD95. Morphological alterations were not observed among astrocytes after cholesterol 
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treatment. These results suggest that cholesterol may play a key role in neuronal 
development and differentiation. Undifferentiated neural progenitors were dramatically 
affected both morphologically and phenotypically after cholesterol exposure. 
Introduction 
Stem cells have been proposed as a unique source of transplantable cells to 
replace diseased or damaged neurons and glia. Neural stem cells from adult and 
embryonic CNS are multipotent self-renewing progenitors of neurons and glial. Many 
groups have reported the expression of neuronal markers among stem cell populations, 
both in vitro and after transplantation, supporting the idea that such cells are neuronal 
precursors. While the expression of neuronal antigens accompanied by a characteristic 
neuron-like morphology is persuasive evidence for a neuronal fate, functional activity 
requires the orchestrated efforts of numerous proteins. For neural progenitors to be of 
clinical benefit it is essential they differentiate into morphologically and biochemically 
defined neurons. Although many factors have been shown to induce progenitor cell 
differentiation along a neuronal fate it is still unknown what physiologically relevant cues 
may be required. 
Recent studies suggest that CNS neurons fail to form functional synaptic 
specializations unless cultured in the presence of astrocytes (Fan et al., 2001; Mauch et 
al., 2001; Nagler et al., 2001; Fan et al., 2002), providing evidence that glia play a key 
role during synaptogenesis. In addition, astrocyte-conditioned media (Nagler et al., 2001) 
was shown to mimic the effect Pfneger and colleagues showed the glial-dehved factor to 
be cholesterol; and that exogenously applied cholesterol was sufficient to form efficient 
synapses (Mauch et al., 2001). Cholesterol has been shown to play an important role in 
axonal and dendritic branching (Fan et al., 2001; Fan et al., 2002) and the biogenesis of 
synaptic vesicles (Thiele et al., 2000). Cholesterol has an integral role in the assembly of 
presynaptic proteins and their functional interactions including syntaxins and SNAP-25 
(Lang et al., 2001). The interaction of synaptophysin and synaptobrevin, essential for the 
formation of the SNARE complex, is dependent on cholesterol (Mitter et al., 2003). Thus, 
the requirement of cholesterol in the formation of efficient synaptic contacts, and in 
presynaptic protein and vesicle assembly demonstrates key roles for cholesterol during 
neuronal development. 
The complexity of the CNS makes investigating the role of cholesterol during 
neuronal differentiation extremely difficult in vivo. However, undifferentiated neural 
progenitor cells provide an in vitro tool to address such questions. The effect of 
astrocytes on synaptogenesis both in vitro and in vivo suggests stem/progenitor cells may 
also be affected by glia. Indeed, adult derived stem cells were found to adopt mature 
neuronal properties only after co-culture with astrocytes (Song et al., 2002a; Song et al., 
2002b). However, the factors responsible for this effect have yet to be identified. Using 
murine brain progenitor cells (BPCs) (Shatos et al., 2001) we have investigated the effect 
of cholesterol treatment in vitro. BPCs have been shown to differentiate and express 
neuronal and glial proteins in vitro (Shatos et al., 2001; Van Hoffelen et al., 2003), as 
well as survive transplantation and express markers characteristic of the host environment 
(Shatos et al., 2001; Van Hoffelen et al., 2003). However, little evidence heretofore exists 
suggesting that these cells are capable of forming synaptic specializations either in vitro 
or in vivo suggesting extrinsic factors may be required. 
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Materials and Methods 
Ce# cwZfwre. Murine brain progenitor cells (BPCs) were isolated from neonatal GFP-
expressing transgenic mice (Okabe et al., 1997) as previously described (Shatos et al., 
2001). Neurospheres were maintained in uncoated tissue culture flasks (T-25, Falcon, 
Fisher Scientific, Pittsburgh, PA) in serum free culture medium containing DMEM:F12 
(Omega Scientific, Tarzana, CA), N2 supplement, L-glutamine, Nystatin, EGF (20 
ng/ml) (Life Technologies, Rockville, MD), bFGF (20 ng/ml, Promega, Madison, WI) 
and Penicillin-streptomyosin (Sigma, St. Louis, MO). Cultures were fed every other day 
with fresh culture medium. For plating, cells were harvested, spun at 800 G for 3 mins, 
mechanically dissociated by trituration and seeded onto ECL (Upstate Biotechnology) 
coated coverglass (12 mm) in 35 mm dishes containing culture media as listed above 
except without EGF or bFGF. This media was termed differentiation media. For 
cholesterol treatment, culture media was supplemented with 10 pM cholesterol (Sigma) 
or as a control an equal volume of the carrier solution (100% ethanol). 
Prgyorafzon ofarfrogZW ce/Z cwZfwr&r. Astrocytes were isolated from neonatal mice 
(postnatal day P-4 to 7) as described by Parpura (Parpura et al., 1994; Parpura et al., 
1995) Briefly, brains were isolated from anesthetized mice; cortices were removed, 
chemically and mechanically dissociated and plated in cold MMEM. After one passage, 
astrocytes were plated onto coverglass, treated and processed as described for BPCs. All 
animal procedures for this study adhered to the guidelines of the Society for 
Neuroscience and had the approval of the Iowa State University Committee on Animal 
Care. 
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/mmfwzocyfocAgfmsfr}'. Immunostaining of cell cultures was carried out as previously 
described(Van Hoffelen et al., 2003). Cells were Axed in 4% paraformaldehyde, rinsed in 
potassium phosphate buffered saline (KPBS; 0.15 M NaCl, 0.034 M K^HPO*, 0.017 M 
KH2PO4, pH 7.4), incubated in 1.5% blocking solution (according to the species of 
secondary antibody), incubated overnight in primary antibody rinsed and incubated in 
biotinylated secondary antibody followed by Cy3-strept avidin. The following antibodies 
and dilutions were used (m=mouse, rb=rabbit, bio=biotinylated) : anti-microtubule 
associated protein 2 (MAP2; 1:1000; m; Sigma), anti-beta tubulin type m (TUJ1; 1:200; 
m; Chemicon International, Temecula, CA), anti-Calretinin (1:3000; rb, Chemicon), anti-
choline acetyl transferase (ChAT; 1:200; goat, Chemicon), 04 (1:400; m, Chemicon), 
Nestin (1:200; m, Developmental Studies Hybridoma Bank, DSHB, Iowa City, IA), NF 
L/M (RMO 308,1:200; m; obtained from Virginia Lee, Univ. of Penn, Philadelphia, PA), 
TH (1:2000; m, Calbiochem, La Jolla, CA), synaptotagmin (P65,1:1000; m; obtained 
from Reinhard Jahn, Howard Hughes Medical Institute, Yale University, New Haven, 
CT), SV2 (1:1000; m; DSHB), Syntaxin (HPC-1,1:5000; m; Sigma), SNAP25 (1:1500; 
m; Stressgen, Victoria, BC Canada), Postsynaptic density protein/PSD-95 (1:1000; m; 
Upstate Cell Signaling Solutions, Lake Placid, NY.), GFAP (1:1000; m; ICN 
Immunobiologicals, Costa Mesa, CA). Rhodamine Phalloidin (RhPh) (Molecular Probes, 
Eugene, OR) was diluted in KPBS with trition X-100 to a concentration of 1:150, cells 
were incubated in RhPh for 20 minutes either after fixation or after secondary antibody in 
double labeling studies. Images were captured using either a photomicroscope 
(Microphot FXA; Nikon Corp.) or confocal scanning laser microscope (TCS-NT; Leica 
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Microsystems Inc., Exton, PA). Images and confocal sets were assembled using Adobe 
Photoshop and Freehand for the Macintosh. 
ikconjfrwcfiofw aW ceZ/ Confocal images (z-series) of various cell 
morphologies were traced and scanned into a Macintoish computer. Images were edited 
using Adobe Photoshop and uniformly scaled. Cells were classified using the following 
criteria; bipolar cells were identified by two processes longer than 1.5 somata lengths 
extending from the soma, multipolar cells were classified by the presence of 4 or more 
processes longer than 1.5 somata lengths extending from the soma. Projection neurons 
were classified by the presence of three or more processes extending from the soma with 
one process noticeably longer than the others. Branches were defined as membrane 
extensions less than 1.5 somata lengths extending from either the soma or a process. 
Microspikes were classified as F-actin filled protrusions from any cellular region. Do&z 
wzafyfw: The number of processes, branches and microspikes were counted from 20 cells 
of each morphology (control and treated). Branch and microspike number was compared 
between treatment groups using the student T-Test. 
Results 
Differentiation and fate of murine brain progenitor cells in vitro 
While neural progenitor cells have been described as pluripotent, the potential of 
cells isolated from different regions of the CNS has been shown to differ. In order to 
characterize the potential of BPCs in vitro, cells were cultured on ECL coated coverglass 
in culture media devoid of EGF and bFGF for one, three or seven days. Cells adhered to 
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the coverglass and adopted a variety of morphologies. Cells characteristic of both 
neurons and glia were found among simple undifferentiated cells. Characterization of cell 
phenotype was performed using a panel of antibodies against neuronal and glial proteins 
(see also Van Hoffelen et. al. 2003 and Sakaguchi et al., 2003). We found BPCs 
expressed MAP2, TUJ1, GFAP (Fig. 1) nestin and SV2 in vitro. With the exception of 
nestin the number of immunoreactive cells increased with culture time (nestin showed 
decreasing expression over time). After 7 days a subpopulation of cells expressed the 
presynaptic terminal associated protein P65. The expression, however, was perinuclear 
and not detected within processes (data not shown). Cells were only occasionally found 
to express detectable levels of proteins characteristic of more highly differentiated 
neurons such as choline acetyl transferase (ChAT), calretinin, tyrosine hydroxylase (TH), 
neurofilament (NF-L/M) or oligodendrocytes (Q4) suggesting merely removing growth 
factors does not promote such intrinsic differentiation. 
The effect of cholesterol treatment on BPCs 
In order to determine the effect of cholesterol on neuronal differentiation we 
treated cultures of undifferentiated brain progenitor cells (BPCs). Cultures received 10 
/ig/ml cholesterol at the time of plating and at each feeding while control cultures 
received an equal concentration of carrier solution (ethanol). After 5 days (Fig. 2), the 
BPCs within cholesterol treated cultures displayed numerous processes with extensive 
branching. In contrast control cultures contained simple morphologies with many cells 
retaining a spherical undifferentiated shape. As shown in figure 2, cells that were exposed 
to cholesterol elaborated processes across the substrate. Processes were seen emanating 
from control cells (Fig. 2A), however these were short and few in numbers. After 10 days 
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(Fig. 2 C and D) the number of branches and processes increased in both conditions, 
however cholesterol treated cultures were clearly distinct from the cells cultured under 
control conditions due to the abundance and complexity of branches (Compare Fig. 2 C 
and D). Cholesterol treatment did not appear to change the proliferation rate (determined 
by cell counts, data not shown), or the size of somata. 
The effect of cholesterol treatment on cell morphology 
The GFP expression by the BPCs facilitated visualization of cell morphology. 
However the low intensity of GFP fluorescence in microspikes and growth cones made 
quantification and visualization of fine details difficult. To further investigate the effect 
of cholesterol treatment on cell morphology, cultures were stained with rhodamine 
phalloidin. The presence and visualization of F-actin throughout the cell provided a 
useful tool by which to examine the structure of BPCs. After 3 days both treated and 
control cultures had few processes or branches; occasionally some growth-cone-like 
structures were observed. After 5 days, processes were both longer and more numerous in 
both conditions, with some mature neuronal morphologies evident among the cultures. 
However, cholesterol treated cells extended more branches and microspikes, allowing 
each individual cell to come into close proximity with neighboring cells across the 
culture. With longer exposure to cholesterol treatment, the effect became more apparent. 
After 7 and 10 days treated cells were covered with many microspikes and small 
branches. As shown in figure 3 cholesterol treated cells (Fig. 3D, E & F) displayed a 
dramatically more complex morphology than control cells. Numerous microspikes were 
seen along the length of long processes (Fig. 3D, Fig. 4), covering branches (Fig. 3 E and 
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F, Fig. 4) and across somata (Fig. 3F). The effect of cholesterol after 10 days (Fig. 3) was 
analogous to that observed after 7 days. The dramatic difference in morphology between 
control (Fig. 3A) and treated (Fig. 3D) cells was often most noticeable along the length of 
the axon-like processes. However branches and microspikes were induced across the cell 
(Fig. 3 E and F). In both control and treated cultures, BPCs were seen to differentiate into 
four basic morphological classes: bipolar, multipolar, projection (Fig. 4) and irregular-
type cells (as described in the materials and methods). Figure 4 depicts examples of 
comparable cells cultured in either control (C) or cholesterol treated (T) conditions. 
The effect of cholesterol treatment appeared to depend on the morphological cell 
type. For example bipolar type cells (Fig. 4) produced many microspikes after exposure 
to cholesterol 116 ± 12.2 compared to 2.6 ± 0.5 (control) mean ± SEM, whereas, 
multipolar-type cells sprouted more branches with cholesterol treatment 7.5 ±1.6 
compared to 1.1 ± 0.2 (control). Table 1 illustrates the effect of cholesterol on cell 
structure between the two main classes of cells that displayed the most dramatic 
differences in response to cholesterol treatment. The relative number of each cell type did 
not change with cholesterol treatment; with an equal number of bipolar, multipolar, 
projection, and irregular cell types observed in both culture conditions. 
Neuronal differentiation and microtubule distribution 
Imaging the F-actin cytoskeleton using rhodamine phalloidin provided a 
considerably more detailed analysis of cell morphology and allowed clear visualization of 
microspikes. In order to show differentiation along a neuronal fate, and to identify the 
nature of cholesterol induced branches and spikes, BPCs were screened with anti-MAP2 
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antibodies. MAP2 is found in dendrites and the soma (Caceres et al., 1984) and is 
generally excluded from the axon. Using anti-MAP2, processes could be identified as 
dendrites (MAP2-IR) or possible axons (MAP2 negative). After 3 days ^55% of BPCs 
expressed MAP2 (Van Hoffelen et al., 2003). However, only few processes were 
observed to express MAP2. After longer culture periods (10 days, Fig. 5) MAP2 was 
found both throughout longer processes and at the initial extension (basal aspect) of 
shorter processes and branches (Fig. 5C & F). There was an increase in the number of 
dendritic-like processes after cholesterol treatment (Fig. 5F); such processes and branches 
were often MAP2-IR. As illustrated in figure 5 (A-F) morphologically similar BPCs 
cultured in either control or cholesterol supplemented conditions could be identified by 
their structural complexity. The expression of MAP2 demonstrates BPCs differentiate 
along a neuronal fate after cholesterol treatment. Not all GFP expressing processes 
contained MAP2 (green and red in merged image). Few microspikes contained MAP2; 
those spikes containing MAP2 likely represented developing dendrites. Both GFP 
expressing-MAP2 negative and GFP expressing-MAP2 positive processes branched and 
contained microspikes after cholesterol treatment. 
In order to visualize the distribution of cytoskeletal elements after cholesterol 
treatment we double labeled cultures using rhodamine phalloidin and MAP2 (Fig. 5G-N). 
Fine branches and spikes along the length of cholesterol treated processes routinely 
distinguished culture treatments. Such protrusions were rarely found to contain MAP2. 
As seen in figure 51, main processes and branches were MAP2-IR (blue) whereas 
microspikes were F-actin containing (Fig. 5 H). Cholesterol treatment appeared to have 
an effect on both F-actin and microtuble distribution, as both the number of microspikes 
and the number of dendritic-like processes increased after treatment. Both bipolar-like 
and elaborate multipolar cells (Fig. 5K-N) showed an increase in the number of F-actin 
and microtubule containing projections after cholesterol treatment. 
Cholesterol induced changes in the expression and distribution of presynaptic 
terminal associated proteins. 
The morphology of cholesterol-treated cells accompanied with their propensity to 
branch and extend across the culture substrate led us to look for the presence of synapse-
associated proteins. Cultures were screened with antibodies against the presynaptic 
proteins; synaptic vesicle associated protein (SV2), synaptotagmin (P65), syntaxin and 
SNAP-25, as an assay to detect early signs of synaptogenesis. Control cultures expressed 
relatively low levels of these presynaptic proteins. In this and previous studies 
(unpublished observations) we have observed a few BPCs to express low levels of SV2 
and syntaxin perinuclearly and/or diffusely distributed across the soma (at 7 days) but 
never in a synaptic associated pattern (either distributed along processes or in a punctate 
pattern). In contrast, 7 and 10 days after cholesterol treatment many punctate regions of 
SV2-IR, P65-IR and SNAP-25-IR were observed (Fig. 6). As previously illustrated by 
both GFP and rhodamine phalliodin, treated cells exhibit more branches and microspikes. 
The distribution of SV2-, P65- and SNAP25-IRs appeared to correlate with branch points 
and possible presynaptic terminals. The greatest immunoreactivity was found in discrete 
regions of processes in a punctate pattern, in contrast to the diffuse immunoreactivity 
occasionally seen in control cells. The distribution of P65-IR appeared to correlate with 
the formation of new processes and was located often at branch points. Unlike the other 
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presynaptic proteins, syntaxin-IR was not significantly affected by cholesterol treatment, 
although, many cells did appear brighter (Fig. 6). These results provide evidence that 
these presynaptic proteins were up regulated (or stabilized) in isolated cells and in 
clusters of cells after cholesterol treatment. 
Cholesterol induced changes in the expression and differentiation of postsynaptic 
elements. 
The morphological changes accompanied by the distribution and abundance of the 
presynaptic proteins SNAP-25, SV2 and synaptotagmin after cholesterol treatment 
provides evidence for synaptic differentiation. However, to understand if cholesterol 
induces presynaptic protein expression or actually promotes the differentiation of a 
synaptic element we screened for the expression of postsynaptic associated protein (PSD-
95). Using an antibody against proteins of the postsynaptic density we screened 10 day 
control and cholesterol treated BPC cultures. After cholesterol treatment and subsequent 
labeling with PSD-95 we observed highly immunoreactive bulb-like structures on the tips 
of microspikes (Fig. 7). In control cultures PSD-95-IR was found at low, uniform levels 
along the longer processes of cells; little punctate immunoreactivity was observed. In 
contrast, PSD-95-IR within cholesterol treated cells was expressed at high levels and 
distributed in a punctate pattern. These results complement our labeling studies using 
antibodies directed against presynaptic terminal-associated proteins and provides 
evidence for induction of possible synaptic differentiation after cholesterol treatment. 
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Neuronal specificity of cholesterol 
In order to determine if cholesterol was capable of inducing microspike and 
process formation in other CNS-derived cells, we treated astrocytes with cholesterol. 
After 10 days exposure to cholesterol astrocytes were screened with GFAP (to confirm 
their identity as astrocytes) and rhodamine phalloidin to visualize detailed structure of the 
F-actin cytoskeleton. Astrocytes in vitro took on very flat, round or oblong morphologies 
with no observable processes (Fig. 8). F-actin was observed throughout the cell and in a 
circumferential pattern beneath the plasma membrane (Fig 8 A-C red). Glial fibrillary 
acidic protein immunoreactivity (GFAP-IR) was also found throughout the cell in the 
characteristic streak-like pattern; however, the two proteins were not found to colocalize 
(the yellow within figure 8 represents high levels of both proteins within a similar region 
rather than colocalization). Ten days after cholesterol treatment (Fig. 8 B and C) neither 
morphology, F-actin distribution nor GFAP-IR appeared altered in the cholesterol treated 
astrocytes when compared to age matched control cultures (Fig. 8A). Thus, it appears that 
the cholesterol induced morphological changes represents a specific effect on the BPCs 
rather than a non-specific effect on all cells. 
Discussion 
These results are the first to demonstrate that cholesterol induces a marked 
morphological change in cultured neural progenitor cells differentiating in vitro. 
Cholesterol was shown to promote process outgrowth, dendritic branching and 
microspike formation. The morphological differentiation of progenitor cells is 
accompanied by an increase in both F-actin and MAP2 labeling. Importantly, branching 
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and microspike formation corresponded with an increased expression of presynaptic and 
postsynaptic proteins. 
Previous studies have established the requirement of astrocytes in the formation 
of functional neuronal contacts (Bacci et al., 1999; Nagler et al., 2001; Song et al., 
2002b). In addition, astrocytes differentiate in vivo during a period corresponding with 
most synaptogenesis. The finding that cholesterol was released from astrocytes and could 
it self induce the same functional changes seen with neuronal-glial co-cultures, further 
supports a developmental role for this steroid. Neural stem and progenitor cells 
differentiate in vitro, adopting a variety of morphologies and phenotypes, yet few studies 
have demonstrated a fully mature neuronal phenotype. By exposing developing 
undifferentiated cells to cholesterol we observed process outgrowth, dendritic branching 
and formation of numerous microspikes across the cellular membrane. These 
morphological changes appear consistent with differentiation along a neuronal 
phenotype. The overall shape of cells was not found to change with cholesterol treatment; 
as cells adopted bipolar, multipolar, projection-like and simple morphologies in similar 
ratios to control cultures. However, cholesterol treated cells produced more elaborate and 
complex morphologies due to branching and microspike formation. The change in 
morphology seen in this study could be due to the application of a limiting factor during 
differentiation. As 25% of total body cholesterol is located in the CNS, and 10% of brain 
mass is attributed to cholesterol, the importance of this steroid in neuronal membrane 
composition is well known (Simons and Ikonen, 2000; Dietschy and Turley, 2001). 
Perhaps by treating cells with cholesterol we merely induced the production of new 
membrane. However, the neuronal morphologies we observed and precise nature of the 
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branching makes this simplistic scenario unlikely. The finding that astrocytes do not 
respond to cholesterol by branching and/or overt membrane synthesis suggests 
cholesterol-induced effects seen in this study are through a mechanism other than simply 
membrane production. 
MAP2 is a neuron specific cytoskeletal protein that functions in stabilizing the 
microtubules of the cell body and dendrites (Caceres et al., 1984). MAP2 has been 
implicated in dendritic branching and outgrowth; furthermore, the transition of 
microtubules from dynamic to stable is regulated by MAP2 (Diez-Guerra and Avila, 
1995; Fan et al., 2002). Cholesterol has been shown to affect the phosphorylated state of 
MAP2 (Fan 2002). A decrease in cholesterol results in dephosphorylation of MAP2 and 
an inhibition of dendritic outgrowth. Neural progenitor cells may be limited in their 
differentiation by the phosphorylation state of MAP2. Providing cholesterol may have 
induced changes in cytoskeletal dynamics and thereby facilitated differentiation. 
The CNS is isolated from the lipoproteins involved in cholesterol homeostasis 
throughout the body by the blood brain barrier. The lipoproteins of cerebral spinal fluid 
(CSF) have been identified and are all high density lipoprotein (HDL) containing 
apolipoprotein E, Al, AIV, or J. (Borghini 1 1995). Apolipoprotein E (apoE) is 
synthesized and secreted by astrocytes (Pitas 1987). Much work is currently underway to 
understand the secretion of apoE and cholesterol by astrocytes and their regulation. As 
the brain-derived progenitors used in this study clearly responded to the exogenously 
applied cholesterol, apoE receptors must be present or up regulated at the time of 
cholesterol exposure; such mechanisms will need to be elucidated in future studies. 
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The finding that BPCs expressed increased levels of synaptic associated proteins 
after cholesterol treatment suggests the morphological alterations observed were not 
merely random process outgrowths but signs of neuronal differentiation. Syntaxin was 
found in both control and treated cultures after 7-10 days, yet all other presynaptic 
proteins screened in this study were located perinuclearly at low levels. Cholesterol has 
recently been shown to function at the presynaptic terminal. SNARE proteins have been 
shown to concentrate in cholesterol dependent clusters (Lang et al., 2001); synaptic 
vesicles require cholesterol for their genesis (Thiele et al., 2000) and the interaction of 
two proteins, synaptophysin and synaptobrevin, is cholesterol dependent. Thus, taken 
together, the aggregation and organization of the presynaptic terminal is cholesterol 
dependent. The increased expression of synaptotagmin (P65), SNAP-25, synaptic vesicle 
associated protein (SV2) and PSD-95 seen in this study likely represents the development 
of neuronal processes into synaptic regions. SNAP-25 and P65 were found distributed in 
a punctate pattern along processes and not evenly distributed throughout the cell. Pfneger 
and Barres have previously shown that pure neuronal cultures require astrocytes for 
functional development. The role of astrocytes in synaptic function has been well 
confirmed and described in recent reviews (Bacci et al., 1999; Pfneger, 2002). Pfneger 
recently proposed a mechanism of cholesterol shuttling from astrocytes to neurons 
(Pfneger, 2003a, b) and suggests neurons rely on their cholesterol during development 
from external sources. 
We have shown that cholesterol plays an important role in differentiation as well 
as neuronal development. Cholesterol has key roles during embryonic development 
(Porter 1996, Roux 2000) yet little is understood at the cellular level. Neural progenitor 
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cells may require cholesterol for many aspects of morphological development and 
differentiation including process outgrowth and branching as well as for the formation of 
synaptic contacts. 
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Figure 1. BPCs differentiate in vitro. 
Fluorescent images illustrating GFP expressing BPCs (green) and antibody immunoreactivites 
(red), (A) BPC-neurospheres before dissociation, (B-D) Merged images of GFP-expressing 
(green) BPCs labeled with MAP2 (B), TUJ1 (C) and GFAP (D) (red), where yellow depicts 
regions of co-localization. Images (B-D) are after 5 days in vitro. Arrows indicate GFP-expressing 
BPCs co-expressing the markers of interest Scale bars A=100 m, B (for B 
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Figure 2. 
Phase contrast images of control (vehicle treated) and cholesterol treated cultures after 5 (A, 
B) and 10 days (C, D). (A, C) BPCs in control cultures adhered and extended processes when 
cultured in differentiation media on an adhesive substrate. (B, D) Supplementing cholesterol 
to the media, promoted process outgrowth and branching among BPC cultures. Scale bar 50 
m. 
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Figure 3. Fluorescent images of BPCs labeled with rhodamine phalloidin. 
A-C=control; D-F= cholesterol treated. (A) After 10 days in vitro, BPCs cultured under control 
conditions elaborated processes within the culture. (D) After cholesterol treatment, processes 
were not only more numerous but were covered in numerous F-actin labeled microspikes. B 
& C, fluorescent images taken from regions of the same cell cultured in control media, few 
branches or miscrospikes were observed on either the processes or soma. E & F, fluorescent 
images taken from the same cell cultured in cholesterol, microspikes were seen protruding from 





Figure 4. BPCs adopted a variety of morphologies in vitro. 
Reconstructions of GFP-expressing cells (control (C) and treated (T)) 7-10 days in vitro 
visualized after labeling with ihodamine phalloidin. Bipolar cells characterized by two processes 
emanating from the soma, both with (T) and without cholesterol treatment (C). Multipolar 
cells, characterized by 4 or more processes extending from the soma. Projection cells were 
multipolar cells with one especially long process extending from the soma. Scale bar 10 m. 
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Bipolar Multipolar 
Control Treated Control Treated 
Processes 2 ± 0  2 ± 0  4.6 ± 2.7 5 ±0.4 
Branches 0.63 ±0.19 2.2 ± 0.7** 1.1 ±0.18 7.5± 1.6*c 
Spikes 2.6 ±0.5 116 ± 12.2** 5.2 ±0.68 83.4 ± 16.9*° 
**p=0.04 p=<0.000001 *Cp=0.001 *°p=0.0002 
Table 1. The effect of cholesterol on cell morphology. 
Fluorescent ihodamine phalloidin stained images were analyzed, and the number of 
processes, branches and microspikes were counted from bipolar and multipolar type cells. 
The effect of cholesterol appeared to depend on the morphology of the cell; bipolar type cells 
became covered in many microspikes whereas multipolar type cells extended branches. Data 
Mean ± SEM. 
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Figure 5. Cholesterol affects both the actin and microtubule cytoskeleton. Fluorescent 
confocal images illustrating GFP expression and MAP2 immunoreactivity (IR) after 10 days 
in vitro. (A-C) Control cultures contained cells with neuronal-like morphologies, 50-60% of 
these cells were MAP2-IR after 10 days. (D-F) BPCs within cholesterol treated cultures 
adopted a variety of neuronal morphologies. Neuronal-like cells displayed significantly more 
branches and microspikes when compared to similar control cultures. MAP2 was located 
within larger processes. Cholesterol treated cells possessed more branches as seen via GFP 
fluorescence. Only primary and some larger secondary branches expressed MAP2 (yellow). 
(G-J) Cells were labeled with rhodamine phalloidin (red, RITC) and MAP2 (blue, Cy5) to 
determine the effect of cholesterol on both the F-actin and microtubule cytoskeleton. The 
merged triple-labeled images illustrate the confinement of MAP2 to branches and not finer 
processes or microspikes. (K-N) Multipolar cells display considerable branching after 
cholesterol treatment. Primary and secondary dendrites were found MAP-IR (white), whereas 
tertiary dendrites and microspikes were enriched in F-actin only (red). Scale bars A-F 10 /<m, 






Figure 6. Expression of presynaptic proteins among control and cholesterol treated BPCs in 
vitro. Fluorescent confocal images illustrating GFP (green), SV2, P65, SNAP25 and syntaxin 
expression (red) within 10-day cultures. Control cultures are displayed in the left three 
columns of the figure; while cholesterol treated cultures are displayed in the right three 
columns of the figure. SV2 was found at low levels within somata of control cells. In 
contrast, cholesterol treated cells expressed SV2 throughout processes and branches. Punctate 
SV2-IR was observed at the end of processes and branches and along processes. P65-IR, like 
SV2-IR, was located perinuclearly among control cells; occasionally P65-IR was observed 
within larger processes. After cholesterol treatment, P65-IR was distributed throughout the 
cell with intense immunoreactivity found at branch points and at the end of processes. 
SNAP25-IR was found at very low levels among BPCs in control cultures. In contrast after 
cholesterol treatment SNAP-25-IR was observed throughout processes, punctate regions 
could clearly be identified along processes and branches. The pattern of syntaxin-IR 
remained constant before and after treatment, however the syntaxin-IR often appeared more 
intense among treated cells. Arrows indicate the region magnified in the accompanying 
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Figure 7. Expression of postsynaptic protein and differentiation of postsynaptic elements. 
Confocal images of postsynaptic density protein (PSD-95) expression within BPCs cultured 
for 10 days. (A-C) Cells cultured in control conditions expressed PSD-95 at low levels throughout 
the cell. A-C shows a high magnification micrograph of a PSD-95-IR process; immunoreactivity 
was diffuse and not regionalized. (D-F) After cholesterol treatment numerous microspikes were 
observed along processes, as described previously. PDS-96-IR was intense throughout the 
process. The ends of microspikes contained high levels of PSD95 in bulb-like structures. 
Green=GF% red=PSD95, yellow demonstrates colocalization. Scale bar 20 /wn. 
145 
Ià il. . ' li::' à 
9ft M\ 4k J| «i. jjfL 
J%> À 
Figure 8. Expression patterns of F-actin and GBLP among murine cortical astrocytes 10 days 
in vitro. Fluorescent merged images illustrating F-actin visualized with Rhodamine Phalloidin 
(red) and GFAP (green). (A) Astrocyte cultured in control media, F-actin and GFAP were located 
throughout the cell in a non-overlapping distribution. (B-C) Astrocytes 10 days after cholesterol 
treatment F-actin and GFAP-IR appear unaffected by treatment. Scale bar 20 pm. 
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CHAPTER 5. GENERAL CONCLUSIONS 
We have investigated and characterized the potential of murine brain-derived neural 
progenitor cells (BPCs) in vitro and after transplantation. The three investigations in this 
dissertation represent novel studies on progenitor cell fate and provide important information 
for the field of stem cell biology. 
Cells isolated from the neonatal brain represent a heterogeneous population of cells 
and comprise of pluripotent stem cells with the potential of self-renewal and unrestricted 
differentiation, as well as more restricted cells. Such populations are best termed neural 
progenitors. We have reinforced the culture conditions required to maintain isolated CNS 
progenitor cells (Ray et al., 1995) and successfully sustained neurospheres for over three 
years. After adopting suitable substrates (ECL: entactin-collagen-laminin) for plating 
progenitor cells, we found cells adhered, extended neurites and differentiated in vitro (Van 
Hoffelen et al., 2003). Furthermore, BPCs were capable of adopting neuronal and glial 
phenotypes in vitro upon withdrawal of growth factors. When maintained as neurospheres in 
complete media (media containing growth factors) cells expressed nestin an intermediate 
filament protein associated with undifferentiated neural progenitor cells (Dahlstrand et al., 
1995). In the absence of the mitogenic factors bFGF and EGF (Tropepe et al., 1999) BPCs 
expressed proteins associated with neurons; MAP2, TUJl and astrocytes GFAP (see 
Chapters 2-4 and (Van Hoffelen et al., 2003). The number of cells that expressed such 
proteins increased with culture time. As BPCs were observed to express nestin, MAP2, TUJl 
and GFAP after five days in vitro this supports their identity as a pluripotent heterogeneous 
population of cells capable of differentiation and self- renewal. 
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Neural progenitor cells have been proposed as a potential source of neurons. In order 
to determine the potential of BPCs to undergo neurogenesis and specifically retinogenesis we 
adopted three different approaches. 1) Investigate the fate of BPCs after transplantation into 
the eye. 2) Determine the fate of BPCs after coculture with differentiating retina. 3) 
Characterize the fate of BPCs after treatment with a proposed developmental cue. 
Using Monode/phis domeafzca, the Brazilian short tailed opossum (Kuehl-Kovarik et 
al., 1995) as a host for BPC transplantation we were able to determine the fate of progenitor 
cells within a developing environment. We have shown that BPCs can survive intravitreal 
xenotransplantation, and can incorporate within the intact deveZopifig retina. We did not 
observe BPCs to integrate into the mature retina confirming the findings of other groups 
(Takahashi et al., 1998; Nishida et al., 2000; Young et al., 2000). Four weeks post transplant, 
BPCs were observed within all layers of the retina. Furthermore, grafted cells adopted 
retinal-like morphologies and phenotypes. BPCs with morphologies analogous to 
surrounding retinal neurons such as ganglion cells, amacrine cells, bipolar cells and 
horizontal cells were observed, and in many cases also expressed appropriate proteins. We 
have shown by systematically evaluating the age of recipient and the fate of transplanted 
cells that during development there is a critical period when BPCs can be both induced to 
adopt retinal fates and integrate within the host retina. 
Both the developing retinal environment and cellular interactions are known to 
instruct cells fate decisions during retinogenesis (Turner et al., 1990; Reh, 1992; Cepko et al., 
1996). Our findings that the environment of the developing retina can induce brain-derived 
progenitor cells to adopt retinal phenotypes, supports the view that extrinsic and not intrinsic 
cues control the development of some retinal neurons. We used PI mouse retina as a source 
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of potential rod promoting factors in an attempt to direct the fate of cocultured BPCs. PI 
mouse retina was dissociated and maintained in vitro. At the time of dissociation neural 
retina was immature, with few photoreceptors present and little lamination. Subclasses of 
retinal neurons were identified in vivo and after dissociation. We found that when cocultured 
with PI retina but not P7 retina BPCs expressed rhodopsin a protein restricted to rod 
photoreceptors. Furthermore rhodopsin expression among BPCs was induced by a soluble 
and not cell contact mediated factor as determined by coculture across a membrane. The 
number of BPCs found to express rhodopsin when physically separated from PI retina was 
significantly greater than observed in the mixed coculture, suggesting cell contact actually 
inhibited rod differentiation. 
The previous studies are the first to show the retinalization of brain-derived cells, and 
clearly show the plasticity of such cells to respond to environmental cues. During the 
differentiation of the central nervous system neural precursors undergo many stages of 
development before becoming a mature neurons. The proper function of the brain is 
dependent on the appropriate formation of billions of synapses. Understanding the process of 
synaptogenesis is still in its infancy yet many molecules and factors are known to play an 
integral role. Astrocytes are essential for neurons to develop functionally, and have been 
shown to regulate synapse formation (Pfrieger and Barres, 1997; Ullian et al., 2001; Pfheger, 
2002). The mechanism by which astrocytes regulate such a key event in neural development 
was shown to be by a soluble factor (Nagler et al., 2001) later to be identified as cholesterol 
(Mauch et al., 2001). 
We have demonstrated the plasticity of BPCs and their ability to adopt neuronal fates, 
yet had no evidence of cells forming synaptic structures. Using cholesterol as a potential 
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developmental factor we treated BPCs in vitro and characterized their fate. In control cultures 
BPCs adopt neuronal-like morphologies and express general neuronal proteins. We found 
cholesterol induced dramatic morphological differentiation promoted process outgrowth, 
dendritic branching and microspike formation. Furthermore, the morphological 
transformation was accompanied by expression of both pre and postsynaptic proteins. It 
appears cholesterol can effect both cytoskeleton organization seen by the increase in F-actin 
and microtubule associated proteins, and differentiation of synaptic elements. This is the first 
study to asses the effect of cholesterol on neuronal differentiation and suggests astrocyte 
derived cholesterol may have an essential role in the development of the nervous system. 
We have described the potential of brain-derived progenitor cells both in vivo and in 
vitro and shown their ability to adopt a wide array of phenotypes. Such results support their 
future use as a potential source of neurons. 
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